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Introduction. 


The  Meeting  was  convened  to  study  the  mechanics  of  sound  generation  by  turbulent 
flows.  The  emphasis  was  on  aeronautical  problems  arising  from  the.  field  of  aircraft 
noise  control  and  the  decision  had  been  made  by  the  Organising  Committee  to  exclude  all 
aspects  of  combustion  generated  noise  and  noise  associated  with  moving  turbomachinery 
parts.  The  absorption  of  sound  at  internal  engine  surfaces  was  also  excluded  in  an 
attempt  to  guide  the  Meeting  to  concentrate  on  the  fundamental  mechanics  of  sound 
production. 

This  report  is  made  under  six  separate  headings  which  effectively  categorise  the 
subject  areas  into  which  fell  most  of  the  presented  papers.  They  are:- 

1.  Source  Identification. 

2.  The  Influence  of  Mean  Plow  Structure  on  the  Generation  and  Propagation  of  Sound. 

3.  Distinctive  Large  Eddy  Structures)  Are  they  Deterministic  Events? 

4.  Excess  Noise. 

5.  The  Control  of  Jet  Noise. 

6.  Problem  Areas  Likely  to  Become  more  Important. 

The  main  technical  points  arising  from  the  Meeting  are  outlined  and  the  degree  to 
which  they  appear  to  be  currently  understood  is  assessed.  The  paper  is  in  no  way 
intended  to  be  a  precis  of  the  proceedings  of  the  Conference  and  no  attempt  is  made  to 
cover  or  comment  upon  contributions  of  a  review  nature  that  were  sometimes  made  to 
Introduce  the  new  material. 

There  were,  in  fact,  several  technical  areas  on  which  there  was  no  clear  concensus 
of  opinion.  Those  developing  areas  are  referred  to  in  more  detail  and  some  speculation 
is  msSe  on  the  way  they  aight  develop.  Also  the  Meeting  brought  to  light  some  apparently 
iapo  tent  technics!  areas  that  are  only  in  an  embryonic  state.  This  paper  is  concluded 
vivr  owe  recommendations  on  actions  that  AGARD  might  take  to  foster  their  development. 

Scarce  Xdan^iflcation. 

The  identification  and  control  of  the  principal  noise  producing  motion  in  turbulence 
is  the  main  objective  of  aerodynamic  noise  research.  In  the  past,  this  activity  nas 
taken  the  for*  of  *  theoretical  modelling  of  the  noiss  generation  process  followed  by 
speculative  proposals  of  how  the  idantified  noise  producing  events  might  be  modified  by 
a  variation  in  the  mean  flow  geometry.  The  experl Rental  cheeking  of  thoae  source  tccPU* 
is  a  very  recent  development,  several  aspects  of  which  were  reported  at  the  Specialist 
Hasting. 

Thar*  ia  no  doubt  that  thi*  activity  will  have  a  major  role-  to  play  in  future  r-olse 
control  programme*  and  it  Is  appropriate  now  that  the  enrly  experimental  s£3ps  have  been 
oetabliehed  to  re-exauiia*  the  basis  on  which  the  various  source  location  procedures  arc 
built. 

Contrary  to  appeirsatiy  popular  belief  there  is  no  ur.tguen.eas  th<H>r*m  to  guarantee 
that  the  'source*  measured  by  any  otv*  e*  eh*  saver si  existing  source  location  aehomus  1* 
actually  the  origin  and  caws*  of  the  observed  wave  field.  In  fact,  it  1b  known  that 
oaveral  different  source  distribution?  are  capable  of  genersting  a.coatmon  distant 
radiation  field.  This  fallow*  from  e  straightforward  application  of  Kirchoff's  theorem 
which  states  the  equivalence  of  the  exterior  field  generated  by  ft  source  distribution 
interior  to  a  closed  eurfase  and  tMt  generated  at  the  surface  by  a  suitable  distribution 
of  eoho&ol*  and/esr  dipole  sources*  Hany  papers  presented  at  the  Specialist  Heating  dealt 
with  different  aspects  of  source  location  but  nor.*  of  the*  faced  up  to  ths  difficult 
issue  of  interps^blhg  or  speculating  or  the  degree  cf  sablguity  that  oust  inevitably  bs 
contained  it*  the  experimental  results*  It  iiav  fe*  that  when  it  is  known  for  other  reasons 
that  the  source  a*ast  be  contained  in  a  specific  area,  for  example,  within  the  confines 
of  the  jet  seating  region,  that  that  added  constraint  ten  iranart  sore  vaigueaess  to  the 
source  distribution.  That  rather  unlikely  though  because  as  far  a*  the  radiation 

field  i*  concerned  a  paint  aul tipple  expansion  is  elbowed,  and  the  entire  distant  field 
can  be  modelled  **  originating  at  *iw  point  in  the  source  region,  the  strength*  and 
orientations  of  the  various  suit Scot*  moaents  depending  on  the  exact  location  of  the 
point  at  whirls  the  source  is  asseawed  to  «ua*t . 

The  degree  to  which  this  essential  wshiguity  of  source  position  should  be  admitted 
oc  ignored  will  no  doubt  be  ca  important  area  o£  further  study. 


If 

The  most  straightforward  source  identification  principles  are  based  on  exploiting 
the  idea  that  the  propagating  sound  waves  travel  without  dispersion  in  the  radiation 
field.  They  are  essentially  treated  as  conforming  with  ray  theory,  which  they  will  at 
high  enough  frequency.  Rays  are  traced  back  to  the  flow  to  indicate  the  general  area  of 
their  origin.  These  procedures  are  incapable  of  distinguishing  the  location  of  the 
source  within  the  characteristic  error  dimension  of  one  wavelength  or  so.  Thi3  error 
can  be  reduced  by  suitable  callibration  but  it  cannot  be  made  indefinitely  small.  Thus 
these  schemes  would  seem  inappropriate  for  the  study  of  aerodynamic  noise  sources  in  the 
regimes  which  are  well  modelled  by  the  acoustic  analogy.  Those  are  the  cases  in  which 
the  characteristic  dimension  of  the  source  is  much  smaller  than  the  wavelength  as  it 
inevitably  must  be  at  low  enough  Mach  number. 

Where  the  scales  of  the  source  and  that  of  the  sound  it  generates  are  not  so 
different,  -r  knowledge  of  the  source  position,  even  admitting  that  the  position  may  be 
subject  to  an  error  of  the  order  of  a  wavelength,  may  sometimes  be  extremely  useful 
information.  This  is  known  to  be  so  for  supersonic  jet  noise  where  the  radiated 
wavelengths  are  small  compared  to  the  length  of  flow  capable  of  generating  sound.  In 
this  high  frequency  regime  the  optical  and  acoustical  performance  of  screens  and 
reflectors  are  identical,  and  it  is  a  straightforward  matter  to  arrange  a  system  of 
baffles  to  indicate  the  source  activity  within  a  visible  aperture.  The  principle 
adopted  is  “what  is  seen  can  be  heard".  Applications  of  this  technique  to  the  sources 
of  supersonic  jet  noise  were  described  at  speeds  representative  of  supersonic  transport 
aircraft  at  maximum  power.  There  the  sources  convect  supersonically  throughout  the  main 
source  region  and  radiate  miniature  ballistic  shock  waves  in  the  general  direction  of 
the  eddy  convection  Mach  angle.  The  scale  of  the  radiated  waves  indicates  directly  the 
scale  of  the  eddies  that  produced  them.  Consequently,  by  observing  the  direction  of  the 
radiation  field  the  principal  eddy  convection  speed  is  established  and  the  peak  frequency 
of  the  sound  indicates  the  size  of  the  eddies  responsible  for  that  sound. 

It  was  reported  that  tests  of  this  type  indicate  that  the  principal  eddying  motions 
responsible  for  jet  noise  at  supersonic  transport  take-off  conditions  lie  some  10  to  15 
diameters  downstream  of  the  nozzle  in  eddies  whose  scale  is  about  twice  that  of  the 
local  shear  layer  thickness.  They  are  extremely  large  eddies  and  are  probably  more 
effectively  thought  of  as  deterministic  unsteady  transient  motions,  definite  enough  to 
admit  some  deterministic  modelling  than  as  the  large  scale  features  of  some  turbulence 
statistics.  The  jet  scale  is  big  enough  to  support  only  10  of  these  eddies  at  any  one 
Instant. 

A  more  deliberate  investigation  using  reflector  techniques  was  described  by  Grosche. 

He  reported  experiments  performed  with  tt>s  use  of  &  concave  taorror,  whose  surface  was 
part  of  an  ellipsoid  of  revolution.  That  p  ft  of  the  sound  field  with  a  ray  behaviour 
and  originating  from  the  vicinity  of  a  f'WUS  will  be  concentrated  on  the  second  focal 
point  at  which  a  microphone  is  position*  "'{.'is  aicrophone-mirror  combination  constitutes 
a  directional  telescope  that  produce*  t-  »-•  twwouare  of  the  source  strength  in  the  general 
vincinity  of  the  second  focue. 

Grosche  described  sotw  experimental  j*'  flows  which  had  been  surveyed  with  this 
ellipsoidal  mirror  microphone  arrangement.  Mo  attempt  had  been  made  to  correct  for  the 
frequency  distortion  of  the  apparatus  but  he  showed,  that  the  straightforward  interpretation 
of  the  results  gave  rise  to  an  extremely  plausible  source  distribution.  For  example, 
when  the  ^hock  cell  boundariea  of  an  under-expanded  supersonic  jet  flow  are  placed  at  the 
sensitive  region  there  is  a  significant  increase  in  the  eeaaured  signal  indicating  that 
those  boundaries  constitute  important  sources  of  sound.  It  was  also  reported  that  this 
procedure  had  indicated  the  main  source  activity  in  t  Jet  to  b*  concentrated  at  the 
points  of  maximum  mean  vorticity. 

Taken  at  their  face  value  these  result#  show  that  the  sound  sources  in  e  subsonic 
jet  are  located  within  the  first  10  dia*etart  of  the  flow  but  that  the  source  region 
extend#  downstream,  of  20  diameter*  in  the  supersonic  case.  Particularly  strong  isourcoe 
are  found  near  the  boundaries  of  the  cells  formed  by  the  steady  coasoresatve  waves  present 
when  a  supersonic  jet  emerges  from  a  improperly  contoured  nosale. 

At  low  Hach  number  Grosche  showed  also  that  soa*  significant  source*  appeared  to  &e 
concentrated  at  ch»  morale  boundary.  He  was  able  to  change  the  apparent  strength  of 
thuie  saurch*  by  (modifying,  with  «  boundary  layer  trip  upstream  of  the  nosale  exit,  the 
turbulence,  level  in  the  nossle  flow. 

A  similar  experiment  was  reported  by  haufer  in  which  a  microphone  Is  placed  at  the 
focus  of  a  parabolic  mirror  and  directed  at  various  parts  of  an  ideally  expanded  super¬ 
sonic  jet.  t*»£es  said  that  he  hoped  to  remove  east  of  the  frequency  distortion  brought 
about  by  th*  finite  alrror  aperture  but  even  without  this  preliminary,  results  indicate 
a  wry  plausible  distribution  of  source  activity  not  dissimilar  tc  that  described  by 
Grosche. 

Although  these  ray  theory  xeficrus  ate  Inherently  incapable  of  resolving  source 
position  to  within  a  negligible  fraction  of  a  wavelength  the  steadily  mounting 
circu**taati*l  evidence  dose  indicate  that  they  are  extrsawly  useful  diagnostic  tools. 

In  the  compact  source  limit,  that  is  the  oe#  to  which  the  acoustic  ant logy  pertains, 
the  souse*  location  procedures  are  based  on  an  analytical  description  of  the  source  tens*. 
Siddcn  gave  the  Meeting  *  i*"i*pr?*h.en»£ve  account  of  this  « obese  which  is  ae  follows. 

Suppose  that  a  source  distribution  Q  drives  a  *lsole  wev*  field  according  tc 


□  2*  -  Q 


1. 


this  can  be  written  in  the  retarded  integral  form 

1  d5^ 

$(x,t)  *  - r  l Q]  (Z#  t-r/c}  -  ;  r  *  |x  -  y|, 
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2. 


and  the  mean  square  field  at  \arge  distances  can  be  expressed  as  an  integral  over  the 
source  field/  the  integrand  being  interpreted  as  the  source  strength  per  unit  volume , 
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where 


S(^) 


Q {* , t-r • /c ) Q (jr , t-r/c) d 3 * 


r*  -  -  x|  ,  4. 

The  function  Sf  though  it  can  formally  be  thought  as  the  source  strength  par  unit  volume, 
isn't  actually  any  indication  of  the  field  that  would  be  generated  by  unit  volume  of  the 
source  field  in  isolation.  As  equation  4  makes  clear  S  is  an  integral  property  receiving 
contributions  from  all  space. 

Siddon  described  a  scheme  he  called  'casuality  correlation',  whereby  equation  2  is 
multiplied  by  the  field  quantity  to  produce; 
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from  which  it  follows  that. 


where 
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R(y)  »  4ac,r${x,t) [q] (v,t-r/e3 .  7. 

The  casuality  method  equates  the  function  R  to  tha  function  S  both  being  interpreted  as 
the  same  source  strength  per  unit  volusw.  R  is  apparently  easily  tads  Mured  according  to 
the  prescription  given  in  equation  7,  which  therefore  afford  a  method  of  determining  the 
source  distribution  directly. 

This  aches**  is  attractive  and  ingenious.  It  has  already  provided  data  that  is 
extremely  plausible. 

Some  debate  took  place  regarding  the  uniqueness  of  this  interpretation  and  it  it, 
worth  recording  the  nature  of  that  debate,  since  procedures  -aS- th.lc  kind  are  likely  to 
feature  extensively  in  future  source  location  experiment*. 

the  function  fi  of  equation  6  is  equivalent  to  the  function  S  of  equation  3  in  the 
sense  that  both  integrate  to  the  saaa  value .  The  two  functions  can  therefore  differ  by 
any  function  of  safe  integral  scale,  and  both  could  be  called  toe  source  strength  per 
unit  volume,  Clsarly  this  definition  of  the  source  strength  is  far  from  unique  and  the 
prescription  by  which  the  most  meaningful  source  strength  density  is  determined  has  yet 
to  ec  laid  down.  Perhaps  the  question  le  not  raeily  significant;  it  aroused  debate 
because  casuality  correlations  tend  to  be  rather  indefinite  regarding  the  n unbar  of 
distinct  addles  taking  part  in  the  noise  production  process.  Ko  doubt,  thin  is  due  in 
part  to  the  indeterminacy  of  the  source  field  due  to  the  elraady  mentioned  essential 
non-uniqueness  of  the  issue. 

It  is  worth  reflecting  a  little  further  on  other  aspects  of  this  problem.  The  source 
strength  per  unit  volume  S  is  not  necessarily  a  positive'  definite  function.  If  the  source 
field  were  homogeneous  then  of  course  it  would  be  positive  definite.  But  that  is  sethar 
an  academic  issue  since  the  driven  field  would  then  be  unbounded  end  the  sourer  location 
meaningless,  S  is  probably  positive  whan  the  source  field  is  sufficiently  slowly  varying, 
but  very  little  seeea  to  be  known  about  this  aspect,  which  la  probable  a  critical  Issua, 
for  It  does  not  ee*»  s  sensible  procedure  to  regard  S  &e  the  I'ource  strength  density  in 


b 


regions  where  it  is  negative.  If  the  source  field  is  sufficiently  slowly  varying  then 
aquation  4  could  be  written  quite  formally  as 

S(£)  *  Q2 (£>Vc  8. 

where  Vc  is  the  correlation  volume.  This  correlation  volume  tends  to  be  interpreted  as 
the  volumetric  scale  of  the  sound  producing  motion.  The  physical  source  region  when 
divided  by  the  volume  per  unit  eddy  Vc  is  interpreted  as  the  number  N  of  independent 
eddies  taking  part.  Siddon  reported  that  experimental  estimates  of  N  varied  between  10 
and  a  few  thousand. 

Views  were  expressed  at  the  meeting  that  the  main  noise  producing  elements  of 
turbulence  are  likely  to  be  extremely  larga  scale  so  that  a  debate  resulted  as  to  the 
reasonableness  of  the  deduction  that  thousands  of  independent  eddies  can  be  housed  in 
the  source  region.  But  actually  Vr  is  not  a  physical  volume  but  an  integral  correlation 
scale.  This  scale  could  be  small  for  two  reasons.  Firstly  there  Is  the  obvious 
possibility  that  the  source  structure  is  so  fine  grained  that  it  really  does  correspond 
to  minute  eddies.  But  the  other  possibility  is  that  since  the  definition  of  the 
correlation  volume  is  through  an  Integral,  the  integral,  and  her.ee  Vc  ,  could  be  small 
even  when  the  eddy  size  Is  very  large.  Most  of  the  activity  in  the  eddy  would  not  then 
be  germain  to  the  source  process.  For  example,  equation  1  could  be  rewritten  trivially 
as 


a2  ($* ))  =  q  -  nJQ.  9. 

Now  the  field  outside  the  source  volume  is  expressed  as  the  difference  between  $  and  Q, 
though  since  Q  is  zero  there,  the  field  is  identically  $.  But  the  source  of  that  field 
appears  to  be  the  right  hand  side  of  equation  9,  the  difference  between  0  and  aJQ  which 
could  very  well  have  a  much  greater  magnitude  than  Q  itself.  But  the  D'Alamoertian 
integrates  at  retarded  time  to  zero,  and  this  example  demonstrates  quite  clearly  the 
essential  non-uniqueness  of  the  source  field  when  viewed  from  the  exterior. 

The  problem  Is  just  as  evident  when  correlation  techniques  are  applied  to  locate 
the  noise  sources  or.  the  surface  of  a  rigid  aerofoil.  This  is  an  area  on  which  confusion 
had  existed  in  the  past.  The  stresses  on  the  rigid  surface  are  clearly  Identified  as  the 
equivalent  sources  in  the  acoustic  analogy  of  the  field.  But  it  has  been  argued  that 
since  those  stresses  do  no  work  they  are  incapable  of  communicating  energy  to  the  fluid 
and  might  well  be  spurious. 

But  there  ia  no  real  doubt  that  the  field  can  be  expressed  in  terras  of  surface 
stresses,  a  systematic  study  of  the  correlation  between  these  surface  and  field  terras 
was  given  in  a  i*int  pap*r  by  Sunyaoh,  Arbev,  Robert,  Bataille,  and  Comte-Bellot .  They 
reported  correlation  between  the  distant  radiation  field  and  pressure  measured  at  various 
positions  around  an  aerofoil  in  e  low  speed  flow.  They  also  correlated  flow  disturbances 
in  the  wake  shed  by  the  aerofoil  at  savers!  positions  near  the  trailing  edge  and 
identified  Che  trailing  edge  region  as  the  centra  'f  active  disturbance. 

From  the  trailing  edge  a  pressure  field  propagst  upstroan  at  about  the  speed  of 
sound,  and  this  pressure  is  highly  correlated  with  the  sound  radiated  to  large  distances. 
The  correlation  between  the  surfeee  pressure  end  the  radiation  field,  when  property 
treated  according  to  Curie’s  equation,  approaches  unity  far  those  pressures  measured  on 
the  aerofoil  surface  visible  iron  the  observation  point.  The  correlation  with  pressure 
fluctuation  on  the  shadow  side  of  the  aerofoil  rarely  exceed*  icf'.  Those*  correlations 
indicate  clearly  that  the  disturbance  conuecta  downstream  with  a  speed  of  the  order  of 
the  naen  flow  velocity.  Hence  the  picture  emerges  that  though  the  disturbances  originate 
at  the  trailing  edge,  the  important  aoimd  producing  feature*  are  thosft  associated  with 
the  pressure  pulse  travelling  upstraas,  over  the  aerofoil,  at  about  the  speed  of  sound, 
generating  as  it  travels  a  string  surface  dipole  radiation  field.  Presumably  the  reason 
for  this  1*  that  the-  lifting  properties  of  the  aerofoil  are  Beta  mined  by  trailing  due 
ccmditich*  which,  when  adjust «d,  cause  the  flow  about  the  foil  to  rearrange  itself. 

That  F*srraug«t*»nt  occur*  just  h*  soon  as  the  flow  know*  of  the  trailing  edge  change . 

The  news  propagate*  fr<we  the  trailing  edge  at  the  speed  of  sound  and  the  resulting 
adjustment  in  -  irf*ce  pressure  drives  the  main  radiation  field. 

In  soure-a  location  exp#  riawate  with  fres  turbulent  flow*  scc*s  approx  I  nation  to  the 
source  strength  density  is  usually  rude.  Tha  favourite  tfss*v*  soses  to  be  that  sine* 
density  fluctuations  ere  the  essence  of  round,  a  direct  measure  of  density  in  the  source 
region  night  well  bn  the  ao*t  direct  method  of  determining  the  enure*  strength.  Two  such 
methods  were,  described.  Cos  by  Haaaier,  Parchxserathy  «nd  Cuffel  and  the  other  by 
0;ts&*v*la,  flroSche  and  Guest.  Seth  these  progresses*  used  optical  probing  devices  fro* 
which  the  variation  cf  density  was  dstarwtns-d.  35th  studies  lead  on  to  estimates  of  the 
source  distribution  fci-j,  again,  both  the  estimates  appeared  extremely  plausible,  though 
again  r.o  uniqueness  could  be  claimed. 

Several  Interesting  points  cam*  to  light  in  the  ensuing  discussion.  The  density 
fluctuation  observed  by  sesse  Of  an  optical  bsas  has  contributions  fro*  tvs  identifiable 
terns.  Firstly,  inertia!  .effects  produce  pressure  chances  that  drive  the  density  field. 
This  raighi  well  be  associated  with  sound.  Secondly,  the  mixing  of  tve  streams  of 
different  density  produces  point-vise  density  variations  which  are  likely  ec  ba  passive 
kinetic  terms  that  should  be  excluded  fro*  th*  ooaqjutetion  of  source  strength. 


The  possibility  that  non-equilibrium  effects  might  limit  tho  utility  of  turbulence 
measuring  schemes  based  on  absorption  t  chnique?  was  brought  up  by  Holbecbe,  Kp  remarked 
that  it  was  now  known  that  non-equilibrium  effects  were  ' spor.atit  In  sonic  boom 
propagation  and  he  would  expect  that  they  might  well  be  important  in  all  transient  field 
changes.  Since  the  Meeting  had  heard  that  transients  were  a  ^stinct  feature  of  let 
noise  at  high  speed,  it  might  well  be  that  absorpcion  techniques  hive  an  essential 
limitation;  they  may  not  be  able  to  respond  r.  pidly  enouqh  because  of  non-equilibrium 
effects. 

Another  fundamental  point  emerged.  How  in  principle  could  data  regarding  density 
perturbations  be  used  to  identify  the  source  of  sound?  As  a  function  of  density,  the 
source  strength  is  the  O' Alambertian  of  the  density  fie’d,  chat  is,  the  difference 
between  the  second  time  derivative  of  density  and  c1  times  the  Laplactan  of  the  density 
perturbation.  If  this  D' Alambertian  could  be  measured  di-ectly  then  the  source  cculd 
be  regarded  as  relatively  unambiguous.  But  in  fact  only  aoproximations  appear  possible, 
a.rd,  so  far,  these  approximations  do  not  seem  to  have  been  subjected  to  an  error  analysis. 
It  was  difficult  at  the  meeting  to  avoid  the  impression  that  it  was  lively  to  prove 
extremely  difficult  to  predict  the  radiated  field  given  only  point-wise  inrormst ion 
regarding  the  density  perturbation  in  the  source  region. 

From  an  experimntal  view  point  there  apfaars  to  be  advantages  in  regarding  me 
measure  of  the  pressure  fluctuation  as  the  source  of  sound.  Aerodynamic  sound  is  jriven 
by  a  quadrupole  source  distribution  so  that  the  distant  radiation  field  correlates  with 
the  second  time  derivative  of  the  pressure  in  the  vlncinity  of  the  source  provided  the 
appropriate  acoustic  time  delay  is  Inserted  between  the  two  signals.  Experimental 
papers  to  exploit  this  ,dea  were  given  by  Siddon  and  Me  e-cham  and  Hurdle.  Both  reported 
studies  in  which  pressure  had  been  measured  within  turbulent  flow,  subjected  to  double 
temporal  differentiation,  delayed  in  time  and  correlated  with  the  far  field  acoustic 
pressure.  When  this  correlation  is  high  the  near  field  probe  is  near  a  strong  source, 
when  it  is  low  it  is  near  a  weak  source  (or,  what  seems  equally  possible,  far  from  a 
strong  sourcG;)  In  this  way  the  source  p^tiperties  of  a  jet  flow  wtiro  mapped,  and  in 
both  the  reported  studies,  extremely  plausible  predictions  of  the  source  distributions 
were  made.  The  main  source  of  subsonic  jet  noise  is  around  S  diameters  downstrean  of  che 
nozzle  exit. 

Relatively  small  values  of  the  correlation  ■~o-ef  f  lcient  are  found  between  the 
synthesized  and  measured  signal  and,  as  has  already  been  pointed  cut,  this  can  be 
interpreted  as  an  indication  that  the  number  of  distinct  eduies  taking  Dart  in  the  sound 
produciton  process  is  very  high.  There  was  no  uniformity  in  this  aspect  of  the  presen. ed 
papers.  No  doubt  some  of  that  Is  due  to  the  riot-uniqueness  of  the  source  so  that  a 
uniform  description  cc-uld  not  be  expected.  But  also,  as  Siddon  exoiained,  the  data  is 
contused  by  noise  generated  by  the  t  ressuxn  measuring  ortbe.  Siddon  gavt-  indicat  ions 
that  this  noise  had  a  very  distinct  contaminat.' ng  effect,  but,  in  debate,  f-sddon  did  not 
consider  that,  the  oroba  significantly  c  ntaminated  the  pressure  measured  *n  its  vicinity. 
Doubt  was  expressed  that  the  pressure  measured  with  a  probe  watch  disturbed  the-  turbulent 
shear  flow  could  adequately  represent  the  pressure  at  that  point  in  the  absence  of  the 
prob*,  but  experimental  view-points  wero  given  that  this  was  not.  a  real  p roe lorn  and  that 
the  probe  distortion  effect  could  be  removed  by  calibration.  This  was  not  en  unanimous 
view. 

Source  location  was  also  the  the.-se  of  Belleval  anc  refulll'w  presentation.  They 
described  the  study  of  the  infra-red  radiation  from  *  hot  jet  flow.  Unsteady  infra-re*’ 
radiation  is  observed  at  acoustic  freqv-ri  ’  ”  *nd  it  is  observed  that  the  infra-re** 
variation  is  correlated  with  tho  far  field  sound.  epint  ■>ns  regarding  the  «igni f loanee 
of  this  result  vary  between  the  two  extreme,  one  believing  the  ce  be  entirely 

fortuitous  and  the  other  that  the  source  of  sound  anti  infra-red  are  cue  and  tns  same 
thing.  This  is^ua  was  not  advanced  further.  At  the  Hooting  Peru! It  concent  rated  on  the 
stotists.es,  jnfr*-red  receptor  beam*  arc  aimed  at  the  "lew  and  the  unsteady  part  of 
the  signal  correlated.  In  this  way  statistical  ef*  ‘ r*ct#r istics  of  the  unsteady  infra-red 
source*  are  obtained.  On  the  assumption  that  the  time  scale,  space  scale*  *aa  correlation 
speeds  so  reaau'ed  are  a!*~n  the**  of  the  turtx-iienc*  stress  tensor,  the  ssstistie-al  data 
can  b#  used  In  an  «stitu»  ion  of  the  source  strength  di  itribution  according  to  tl-jiltM  11  ’* 
theory,  this  scheme  wss  described  by  Psrgili.  The  Id*#  provide*  potentially  valuable 
information  but  there  Is  still  a  vary  lens  way  to  go  before  an  unambiguous  interpretation 
of  the  data  ie  achieved. 

Running  through  all  the»e  paper*  dealing  vivh  the  experimental  aasesan-nt  a?  the 
source  distribution  in  real  sound  producing  flaws  Is  the  cc«*Nan  thread  that  the 
predictions  from  the  espsriixfoes  Ieoh  reason able.  Other  distributions  Sight  «S*c 

look  reasotvafcle.  All  the  sehoste*  reported  do  not  produced  the  same  result,  no  doubt  due 
in  part  to  experimental  errors  end  alec  fe*  basic  erirore  in  the  approximation  ucfcwes. 

But  <>.«*  biggest  r ,>ost  for  -icuht  is  the  eswantlai  ambiguity  in  the  source  function.  So 
untgu«he#s  A*  possible  and  thl*  Is  t rue  whether  the  source  is  described  through 
th«K>roticai  or  experimental  technique*,  viver.  this  state  ;}f  affairs,  development*  along 
these  lines  are  likely  to  be  based  on  acquiring  familiarity  with  the  type  of  results  that 
can  be  produced  by  the  explication  of  various  plausible  diagnostic  scheme*. 

There  Is  nc  doubt  that  tho  exper  mental  application  ef  the  method  represent#  ar, 
enorrxsvi.s  advance  on  the  previous  .vppro*  irate  theoretical  treatments,  and  having  made 
that  iidvtr.ca  it  is  worth  while  pausing  *  little  to  consider  hcv  sxach  gain  a'.chi  h« 
expected  from  increasingly  sophlntiettec  diagnostic  aide.  Having  paused  It  seem*  that 
only  experience  will  tell,  and  that  the  real  meaning  cl  these  admittedly  not  non-unlqae 
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dsscriptions  can  only  be  established  through  continued  U8e.  The  situation  is  very 
"itnilar  to  that  existing  when  light  is  reproduced  through  a  hologram  image.  An  observer 
in  the  reconstituted  field  is  quite  unable  to  tell  whether  the  field  is  generated  by  the 
original  events  or  by  a  laser  hologram  combination.  However,  experience  has  taught  him 
that  in  most  cases  it  is  the  real  event,  and  one  has  learnt  to  rely  on  that  simple 
interpretation  of  the  source  fieldl  But  it  is  not  unique!  In  a  similar  way  the 
indeterminacy  in  these  acoustic  sources  might  be  equally  trivial  and  we  will  eventually 
be  able  to  rely  on  their  indicated  location  of  the  important  sound  producing  areas.  But 
only  experience  will  tell. 

2.  The  Influence  of  Mean  Flow  Structure  on  che  Generation  and  Propagation  of  Sound. 

The  Meeting  was  reminded  of  Lighthill’s  paper  at  an  AGARD  meeting  10  years 
previously  where  then  existing  experimental  evident;  was  compared  with  the  predictions 
of  theory.  In  Lighthill's  model  the  sound  increases  in  proportion  to  the  8th  power  of 
velocity,  subject  to  a  modification  due  to  eddy  convection  through  the  ambient  fluid. 

That  convection  increases  the  efficiency  of  quadrupole  radiation.  The  only  direction 
limine  from  convective  change  is  90  degrees  to  the  jet  axis  where  the  8th  power 
dependence  is  expected.  That  experimental  data  seemed  to  indicate  that  though  the  total 
power  increased  in  proportion  to  the  8th  power  of  velocity  a  6th  power  law  was  more 
appropriate  at  90  degrees,  presumably  Lighthill  thought  due  to  turbulence  being  relatively 
less  intense  at  the  higher  Mach  numbers.  Lighthill  had  therefore  concluded  that  the 
convective  effect  was  there  in  full,  and  brought  the  total  power  output  back  up  to  the 
measured  Sth  power  proportionality,  it  being  a  coincidence  that  the  convective  effect 
exactly  compensated  for  the  lethargy  of  turbulence  at  high  Mach  number. 

But  since  then  Lush  has  published  in  the  Journal  of  Fluid  Mechanics  an  argument 
that  the  experiment  quoted  by  Lighthill  is  not  representative  of  mixing  noise,  because 
-in  experiments  he  has  conducted  on  a  jet  emerging  smoothly  fro^i  its  nozzle  the  sound  at 

90  degrees  scale3  on  the  8th  power  of  velocity,  exactly  as  the  unmodified  Lighthill 

theory  predicts.  In  the  quoted  engine  experiment  nozzle  exit  conditions  were  unlikely 
to  be  smooth  and  this  is  now  known  to  cause  a  dev*  ation  from  the  8th  power  law.  That 
subject  will  be  returned  to  in  Section  4. 

Lush  went  on  further  to  point  out  that  convective  effects  are  not  found  in 

r  experiments  made  close  to  the  axis  of  a  subsonic  jet.  Csanady  had  shown  previously  that 

the  convective  augmentation  of  the  radiation  efficiency  would  be  annihilated  if  the  source 

—  were  surrounded  by  a  flow  relative  to  which  it  did  not  move.  The  acoustic  output  is 
determined  locally  if  the  source  is  cushioned  by  a  wavelength  or  so  of  moving  fluid  from 
its  static  environment  and  cannot  then  be  subject  to  convective  amplification.  Lush’s 
experimental  data  confirmed  this  view,  but  it  remains  unknown  how  much  of  the  difference 
between  the  idealized  Lighthill  modal  in  which  sound  is  assumed  to  propagate  without 
subsequent  interaction  with  the  mean  flow  or  its  gradient,  and  the  experimental  result 
is  due  to  the  inhibition  of  convective  amplification  and  how  much  is  due  to  refraction. 
Experiments  show  that  the  difference  between  the  Lighthill  modelling  and  experiment  begin 
to  become  obvious  at  the  beginning  of  the  high  frequency  range  where  ray  theory  and  simple 

-  of.  refraction  apply. 

<’he  Meeting  war  reminded  again  that  acoustic  interaction  effects  with  mean  flow 
containing  concentrated  vorticity  are  important  items  of  the  experimental  data,  ilolbeche 
described  experiments  conducted  in  a  24  foot  open  jet  wind  tunnel.  There  he  had 
investigated  sound  transmission  through  a  trailing  vortex  system,  the  vortices  being 
generated  by  a  delta  wing  at  incidence,  and  the  sound  by  an  electrically  driven  horn. 

The  result;,  show  a  sa^jor  influence  of  vortex  refraction,  the  sound  rays  passing  through 
the  vortex  centre  being  changed  by  as  much  as  10  decibels  at  reasonable  flow  speeds. 

Rays  tie  rotated  in  the  direction  of  vortex  motion  the  largest  change  being  measured  for 
those  rays  pass' ng  close  to  the  vortex  core.  Holbeche  compared  the  experimental  results 
with  the  predictions  of  ray  theory;  the  comparison  is  extremely  good. 

In  reply  to. questions  Kolboche  said  that  the  ringular  scattering  affects  predicted 
in  theoretical  anaJvoaa  that  trsat  the  vortex  aa  a  compact  scatterer  have  not  been  found 
in  the  experiments  hough  they  are  doliberately  sought.  Ha  thought  it  pertinent  however, 
that  .any  vortex  generated  with  a  delta  wing  has  quite  a  different  core  structure  from 
that  treated  in  those  theories. 

Another  aspect  of  the  propagation  problem  was  described  at  the  meeting  in  two 
separate  experimental  results  where  the  sound  of  a  noisy  jet  had  been  shielded  by  a  nearby 
sma’l  quiet  jet  through  which  its  roiae  had  to  pass  to  the  observation  point.  Hoch  and 

Hawkins  described  this  effect  as  measured  on  models  of  the  Concorde  silencer,  That 

consists  of  buckets  which  squeeze  the  jet  into  a  fishtail  flow  in  whose  piano  the  jai  is 
relatively  quiet.  Lhey  described  studies  of  the  sound  generated  when  two  jets  w*r&  in 
close  proximity,  one  silenced  by  the  fishtail  process  and  the  other  not.  It  .-s-eeas  that 
that  sound  is  completely  incapable  of  propagating  through  the  silenced  jet.  In  fact,  they 
inrao  to  the  conclusion  that  'one  heard  the  nearest  thing  one  saw',  end  in  that  experiment 
it  was  the  silenced  jet.  A  Rolls-Royce  ixperimant  was  described  where  ton  noise  of  a 
supersonic  jet  waa  shielded  by  up  to  10  decibels  by  an  auxiliary  small  jet  at  the  aaae 

pressure  ratio  passing  only  10  par  cant  of  the  mass  flow  of  tks  primary. 

The  experimental  evidence  points  to  major  influences  of  mean  flew  gradients  on  any 
sound  propagating  through  an  inhomogeneous  flow.  When  this  is  the  cc.au  it  is  Isserohsbie 
that  an  adequate  description  of  ths  jet  noise  problem  can  be  based  on  Lighthill  *s  a  ecus  tie 
analogy.  Though  that  analogy  is  exaot  it  is  most  unlikely  that  the  stress  tans or  tanas 
representing  the  propagation  through  the  various  shear  iayers  can  ever  b*  knam  in 
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sufficient  detail  for  the  analogy  to  prov a  useful. 

Another  aspect  of  the  same  problem  concerns  the  mechanic*  by  which  let  noise  is 
controlled  in  the,  so  called,  fiehtailed  jet.  It  a ay  be  that  the  noise  producing  eddies 
are  de-energised  in  the  fishtailed  flew,  In  fact,  they  almost  certainly  are,  and  this 
aspect  we  shall  return  to  in  Section  5,  but  there  are  two  influences  attributable  to 
propagation  effects. 

The  flow  structure  in  these  jets  appears  to  be  a  central  fast  jet  shielded  by  a 
relatively  slowly  moving  fan  that  forms  the  fishtail.  This  fan  may  have  two  effects; 
firstly  it  may  effectively  Isolate  the  noise  producing  turbulence  on  the  edge  of  the 
central  jet,  from  the  environment  and  so  inhibit  the  convective  amplification.  In  this 
respect  the  effect  is  similar  to  that  noted  by  Lush  for  high  frequency  noise  close  to 
the  axis  of  a  circular  jet;  but  also  the  fan  provides  a  flow  with  different  noise 
propagation  characteristics  adjacent  +-0  1  ,ie  jet  and  the  sound  generated  in  the  jet 
interior  may  be  refracted  away  from  the  plane  of  the  fishtail  to  produce  there  a  zone  of 
relative  silence.  It  does  not  seem  to  be  known  which  of  these  two  possibilities  is 
the  dominant  one;  no  doubt  that  will  be  the  subject  of  future  study. 

Two  theoretical  papers  bore  nomewhat  on  this  subject.  The  first,  by  Mani,  considered 
the  radiation  from  a  point  source  embedded  ir  a  uniform  slug  flow.  The  second  by  Lilley, 
dealt  with  developments  baaed  on  Phillips'  equation  that  accounts  implicitly  for  a 
spacewise  variation  of  the  propagation  constants. 

Nani's  problem  is  an  idealized  one,  where  a  point  source  La  located  on  the  axis  of 
a  jet  contained  within  a  vortex  sheet.  He  has  studied  the  sound  radiated  Into  the  static 
environment  by  the  embedded  moving  source.  There  was  considerable  debate  as  to  how  well 
this  model  problem  represents  a  real  jet  flow,-  and  no  doubt  there  are  always  important 
differences  when  the  frequence  is  high  enough  that  the  acoustic  wavelength  is  comparable 
with  the  shear  layer  thickne  .  ‘■'he  lower  frequency  elements  should  however  be  modelled 
adequately  provided  the  ahe>  lay  t  turbulence  level  is  small  enough  that  the  sound  can 

be  regarded  as  a  small  pertuvba.,lon  of  an  otherwise  laminar  flow.  But  this  is  unlikely 
to  be  the  case  in  practice.  This  point  will  be  returned  to  below. 

Mint  Nani's  model  problem  does,  and  does  in  a  completely  unambiguous  way,  is  to  show 
that  mean  flow  effects  can  bn  very  considerable  indeed  and  can  give  rise  to  consequences 
that  are  simply  not  predictable  from  the  acoustic  analogy  in  which  the  effects  are 
ignored.  Mani  quantified  the  differences  a9  far  as  the  radiated  power  is  concerned.  He 
showed  how  the  effect  of  convective  amplification  was  negated  by  'jet  shielding'  provided 
only  that  the  jet  is  thick  enough  on  a  wavelength  scale  and  the  mean  flow  Mach  number  not 
negligible.  These  conclusions  ere  broadly  in  agreement  with  Lush's  data,  but  as  Lush 
pointed  out  at  the  Meeting,  hie  experimental  observation  concerned  the  intensity  of 
sound  at  separate  point*,  and  not  the  overall  power,  which  was  the  only  parameter 
considered  by  Hani, 

Mani  went  on  to  describe  the  influence  of  jet  density  in  the  radiation  field .  He 
considered  the  case  where  the  product  pc*  is  conserved  across  the  vortex  6heet  and 
therefore  as  the  density  1*  varied  sc  is  tjse  speed  of  sound,  and  the  jet  thickness  as 
measured  ou  the  wavelength  scale.  A  change  in  jet  density  has,  therefore,  two  effects 
in  his  mod  1.  Firstly,  thers  is  a  density  discontinuity  at  the  shear  lay»r  which  must 
have  a  dynamic  effect.  Secondly,  there  is  the  variation  In  the  wave  proportion  properties 
within  the  jet  ae  the  speed!  of  sound  ia  varied,  in  inverse  proportion  to  tha  square  root 
of  density,  and  in  fact  it  Boomed  from  the  presentation  that  this  latter  effect  was  the 
more  significant,  in  this  modal  ho  established  the  influence  of  mean  flow  density  on  the 
acoustic  power  radiated  from  a  point  source.  On  tha  assumption  that  this  sensitivity  of 
the  radiation  efficiency  to  jet  density  carries  over  to  turbulence  produced  sound,  the 
strength  of  tha  turbulence  source  of  itsslf  being  proportional  to  jet  density,  Had  found 
that  hi*  modal  predicted  the  experimental  data  obtained  at  the  N(5f§  and  SHECHA  extremely 
well.  He  makes  the  i boo '•taut  point  that  the  variability  of  noise  with  changes  in  jet 
density  need  sot  be  explained  entirely  in  tern*  of  tha  basic  source  strength  which  aeems 
to  br  the  approach  taken  by  moat  investigator#  to  dste.  Mani'*  results  show  that  there 
mi  be  sn  equally  important  effect  to  do  with  the  radiation  lace dance  and  its  dependence 
on  density. 

Mils.!;'  development#  to  e  theory  deliberately  almad  st  accounting  for  mean 

flow  Anhawgenaitiem .  That,  ie  based  on  tha  Ida*  that  sound  can  be  -described  theoretically 
•a  a  small  pesturbistioe  About  «  basically  lasdsrar  flow,  and  the  equation  that  does  that 
ia  of  course  the  on*  used  to  investigate  the  stability  of  that  laminar  flow.  There  one 
considers  whether  an  iaidmi  perturbation  will  grew  or  die,  Ooastions  of  stability  are 
bound  to  feature  ia  this  approach  to  the  acoustic  propagation  problem. 

The  besic  formulation  i*  due  to  Phillip*  ufc&r*  he  treated  the  second  order  terms  us 
known  inhosogemeiiitss  and  studied  the  way  they  drive  linear  pertuxentiors#  about  the  steady 
man  flow,  a  motion  that  it  directly  coupled  to  the  radiating  sound  field,  if  the  natural 
motion  of  the  linear  field  is  exponentially  growing  becauae  of  the  instability,  then 
clearly  it  is  pointless  to  assume  that  . the  field  can  remain  linear,  in  the  discussion 
following  his  paper  Professor  Lilley  said  thnt  it*  intended  to  take  account  of  the  non¬ 
linear  effect#  t«  an  approKi*a*te  manner.  -However,  it  was  hie  view  that  the  acoustic 
radiation  problem  could  si-l  1-1  be . regarded  at  an  eaeeciially  linear  one  even  though  non- 
linear  effect#  would  be  dominant  la  nc^trolling  the  amplitude  of  the  driven  response. 

Sma  found  this  notion  rather  confusing,  .feat  again  It  ie  domoastretUiS  that  by  approaching 
the  pucblem  in  this  slightly  different  wetf  one  uncover*  clear  fundamental  effect* 
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associated  with  mean  flow  inhomogensttimn  which  c imply  couldn’t  bo  anticipated  by  a 
formal  application  of  the  acoustic  analogy.  Having  said  that  it  seem*  that  there  is 
still  some  way  to  go  before  this  approach  can  load  to  results  that  have  not  been 
previously  derived  by  acme  other  form  of  analysis,  that  is,  either  from  the  acoustic 
analogy  or  from  tha  other  limit,  ray  theory.  In  between  the  problem  is  complicated,  and 
will  probably  have  to  be  approached  numerically.  No  numerical  results  were  presented  to 
the  meeting. 

The  philosophy  behind  this  type  of  modelling  was  debated  at  some  length. 

Experimental  oboervations  of  the  jet  atraetore  indicate  that  the  flow  is  very  different 
from  a  weakly  perturbed  laminar  shear  layer.  The  view  that  it  was  most  unreasonable  to 
expect  sound  to  propagate  through  such  a  very  rough  jet  boundary  in  a  way  that  even 
approximated  to  tho  transmission  of  sound  through  a  smooth  flow  with  the  profile  of  the 
mean  jet  was  expressed  forcibly.  On  the  other  hand  it  was  reported  that  etcbllity 
analyses  that  modelled  tho  large  eddies  as  evolving  weak  instability  waves  driven  from 
a  laminar  flow  with  the  mean  velocity  profile  have  much  in  common  with  the  measured 
shear  layer  turbulence.  The  convection  spead,  characteristic  scale  and  even  the  growth 
rate  of  idle  eddies  as  they  propagate  downstream  are  predicted  to  high  accuracy.  This 
may  or  may  not  be  a  coincidence.  Professor  Kichalke  described  how  in  a  computation  of 
this  kind  he  had  worked  out  strenk  lines  which  bore  a  remarkable  similarity  to  rarloua 
visualizations  ot  experimental  jet  flows.  Brighton,  Krishnamurthy  and  Kichalke 
described  how  they  had  independently  calculated  the  growth  of  instability  waves  on  a 
diverging  shear  layer  and  Crightou  said  that  he  had  continued  the  analysis  to  a  point 
where  the  interaction  with  the  nozzle  boundary  and  the  subsequent  radiation  of  sound 
could  be  described  analytically.  They  collectively  seemed  to  have  no  doubt  that  it  war 
relevant  to  describe  the  large  noise  producing  eddies  as  being  the  instability  products 
of  the  primary  flow,  the  stability  of  which  was  determined  by  the  mean  velocity  profile. 

Another  view  was  expressed  also  and  seemed  to  find  equal  support.  That  was,  that 
the  eddying  motions  are  so  intense  that  they  quickly  deform  tha  velocity  field  on  which 
they  grow  their  amplitude  being  determined  by  an  essentially  non-linaar  process.  In  fact, 

an  individual  eddy  grows  on  a  jet  whose  structure  during  the  eddy  evolution  time  is  _ 

completely  different  from  that  of  any  nominally  steady  flow.  In  fact  some  felt  that  the 
opposite  view  to  stability  might  be  taken.  St  is  not  the  mean  flow  that  supports 
instabilities  that  ere  observed  as  the  large  scale  eddies,  but  it  in  the  large  scale 
eddies,  which  ere  the  characteristic  debris  of  the  initially  thin  shear  layer  that 
determine  tha  mean  flow  structure.  That  m?.an  flow  is  established  as  the  average  taken 
over  <--n  ensemble  of  many  individual  eddies  growing  according  to  the  velocity  field  at 
thel;  time  of  existence. 

In  one  view,  the  mean  profile  determines  the  eddies.  In  the  other  the  eddies 
determine  the  mean  velocity  profile.  That  debate  is  likely  to  continue  for  a  long  time 
and  shows  every  promise  of  providing  fertile  ground  for  progress  towards  a  real 
understanding  of  the  sound  producing  elements  of  turbulence. 

3.  Distinctive  Large  Eddy  Structures!  Are  They  Deterministic  Events? 

The  Meeting  witnessed  new  developments  in  the  currant  trend  sway  from  tha  statistical 
description  of  turbulence  and  sound  towards  a  more  definite  modelling  of  distinct 
elementary  motions  thought  to  create  sound  effectively.  This  ia__va ry  much  tha  development 
that  Powel  foresaw  in  the  meeting  organised  ten  years  previously.  The  attractiveness  of  the 
view  is  easily  appreciated,  because  many  of  the  motions  can  be  visualised  effectively  and 
saveral  experiments  described  at  the  meeting  dealt  with  particularly  graceful  eddying 
forma.  Tha  technical  relevance  of  especially  powerful  isolated  sources  is  obvious  sinei) 
the  highest  irtansity  peaks  In  any  noise  signal  occur  infrequently  and  must  be  generated 
by  an  extremely  effective  transient  force  motion,  The  "paper  by  Naurann  and  Hermann 
describing  the  sound  produced  by  tha  interaction  of  a  shock  wave  with  a  concentrated 
vortex  was  a  superb  example  of  how  beautiful  the  experimental  visualisation  of  the  process 
can  be,  and  how  much  deeper  it  is  possible  to  delve  into  tha  detailed  physics  of  the 
problem  onca  the  source  process  is  identifiable  in  a  distinct  enough  miiner  that  it  can 
be  regarded  ou  deterministic .  All  elements  of  turbulent  flow  can  be  regarda-d  as 
Jetorainiatic  when  one  concentrates  on  a  sufficiently  localised  staple  of  that  ilovj  but 
the  innovation  ssens  to  be  that  there  are  particularly  relevant  samples  to  be  selected 
that  give  ritsa  to  extremely  powerful  sound  eouscob.  We  can  look  forward  to  conditional 
eompling  experiment*  in  which  the  most  effective  source  motions  ire  extracted  from  tha 
bulk  of  the  turbulent  motions  and  studied  in  very  wweh  greater  depth  end  detail  than  has 
been  possible  to  date.  Tha  evidence  for  this  view  is  ae  follows. 

Measurement  of  tho  distant  noise  field  froa  tha  Olympus  $93  turbo  jut  that  powers 
Concorde  were  described.  At  the  highest  jet  velocities  the  signal  is  subjectively 
catrs»go>'lecd  as  a  crackling  sound  but  there  appears  to  be  no  distinguishable  difference  in 
the  spectral  content  of  the  noise  of  a  crackling  end  nou-esacklitig  jat.  The  prouabliity 
distribution  of  a  crackling  jat  i*  highly  skewed  and  towards  infveq^ftily  occurring 
large  compressive  pressure  transients.  The  skew.-essa  factor  in  tha  distant  tsoiw  field  of 
the  Olympus  increases  frota  0,92  to  as  tits  unglue  eoadttrea  is  increased  fro*  idle  to 
maximum  thrust.  The  affect  of  skssnes*  is' cleanly  swum  is  th*  pressure  '%&m  history  of.- 
the  radiated  field,  ffc*  short  duration  high  intensity  poe itive  pressure  egikas.  distinguish 
the  crackling  noise  .from  other  turbulent  signals.  Tharfj  «•***  no  doubt  that  thase  spikes 
originate  in  tha  mixing  jet  flow,  and  not  in  so®*  iiditayhcsaay  of  that  particular,  :e«gius. 

The  Masting  wee-  told  of  similar  l^vsetigatibos  conducted  by  beufer  and  Kaplan  wh*r* 
identical  spike  formations  had  been  ohessVid  iaxp*ri»i»&£*liy  in  a  smoothly  expanded  bet 
model  jet  flow,  rurtfcarmore  when  the  jet  was  vlemed  through  a  focussed -acoustic 


Hr  ■ 


telescope  to*  tendency  for  spike  formation  was  at  a  maximum  if  the  telescope  was 
focussed  at.  a  ration  approximately  tan  diameters  downstream  of  the  nozzle  exit.  The  jet 
condition*  sere  extrear'.y  similar  to  those  of  the  Olympus  at  high  speed.  In  the  model 
situation  there  was  no  possibility  of  a  cellular  standing  wave  system  because  the  jet 
was  ideally  expanded.  It  was  reported  that  Rolls-Royce  experiments  with  a  three  inch 
model  jet  at  the  same  velocity  but  not  ideally  expanded  also  displayed  the  apiky 
crackling  characteristics  at  high  speeds.  Because  of  the  clear  subjective  significance 
or  the  spikes  their  possible  origin  was  debated  at  some  length  at  the  meeting.  It  seems 
unlikely  that  they  can  result  from  non-linear  propagation  of  a  signal  that  initially 
f'tart::  its  journey  with  an  unekewed  probability  distribution  because  it  is  extremely 
difficult  to  identify  any  process  by  which  non-linear  affects  bring  about  this  skewness. 

On  the  other  hand  Obermeier  described  to  the  Meeting  a  modelling  of  the  behaviour 
of  sonic  booms  near  a  caustic.  This  modelling  led  Obermeier  to  study  the  behaviour  of 
the  Tricomi  equation  through  which  he  was  able  to  show  that  on  passing  through  a  caustic 
an  **3*  wave  acquired  momentarily  a  distinct  spikiness  ir  the  positive  pressure  part  of 
the  signal  with  o  rounded  expansive  trough ,  It  was  said  that  spikes  were  present  in  the 
near  ’ic'nity  *»£  “ihs  jet  wnd  that  the  probability  distribution  of  the  signal  with 
crackle  did  not  seem  to  evolve  during  propagation  over  a  distince  from  5  diameters  away 
from  the  jet  to  150  diameters.  That  Indicated  the  spikes  result  from  a  distinctive 
source  activity  rather  than  from  soma  characteristic  large  amplitude.  But  the  possibility 
that  the  signal  continually  forms  new  caustics  cannot  vet  bo  ruled  out.  It  was  reported 
however,  that  if  the  jet  ware  exhausted  through  a  notched  nozzle  that  produced  a 
characteristic  fishtail,  then  in  the  plan  of  the  fishtail  the  spikes  were  absent  and 
also  the  sound  there  was  at  a  very  auch  reduced  level. 

If  tho  spikes  are  generated  by  a  particularly  efficient  transient  source  they  are 
probably  more  easily  modelled  when  they  are  regarded  as  deterministic  events.  Legendre 
emphasised  that  it  was  a  matter  of  comma  experience  that  violent  events  are  extremely 
noisy.  In  fact  the  essence  of  an  efficient  sound  source  is  that  the  characteristic  time 
scale  of  the  motion  is  sir-  il  enough  compared  t;<  its  scale  that  the  ratio  of  the  two, 
which  forma  a  characteristic  velocity  of  the  r. cion,  is  supersonic .  Then  the  eddy  is 
ncr.-coapact  and  falls  in  the  opposite  e-treme  cr  that  treated  by  the  acoustic  analogy. 

Far  from  the  sound  being  a  small  perturbation  ceased  by  flow,  the  wave  field  is  then  of 
tho  order  of  magnitude  an  the  basic  source  motion.  An  impulsively  arrested 
boundary  motion  caused  all  the  local  energy  to  be  radiated  as  sound.  G.  X.  Taylor  has 
worked  out  how  all  the  virtual  energy  around  a  slo’ly  moving  sphere  is  shed  off  as  sound 
if  the  sphere  is  impulsively  arrested.  That  la  the  raoBt  effective  aerodynamic  sound 
source  yet  modelled,  ard  it  ia  also  the  wound  source  most  completely  modelled,  for  there  the 
motion  is  described  in  analytical  detail.  There  rsema  no  doubt  therefore,  that 
identifiable  large  eddying  motions  that  either  grow  rapidly  enough,  or  accelerate 
•sufficiently  abruptly,  can  form  ettraawly  useful  models  of  jet  noise  sources,  and  the 
Meeting  was  presented  with  several  facinating  descriptio'  j  of  Bu~h  motions . 

PolJervaart  showed  the  Meeting  the  latest  of  his  facinating  films  produced  in 
conjunction  with  Wijnands  and  Broftkhorst.  Poldervcart  described  bio  study  ns  an 
aerodynamic  gaiae,  Tbs  experiment  consists  rf  an  external  Sound  source  that  generates  a 
sequence  of  pulses  incident  upon  a  supersonic  jet  ha  the  pulse  Interacts  with  tho  jet  nozzle 
edge  a  distinct  vortex  is  £grr«d  on  tho  sheet  xayer  which  travels  downstream  growing 
rapidly  xnd  gemrating  a  clearly  visible  intense  seconder*  wave.  The  twotion  is 
visualised  by  &  stroboscopic  action  and  by.  control  of  the  relati  s  phase  between  jet 
excitation  end  visualisation,  the  motion  can  b*  slowed  dr-;,,  indefinitely.  This  schema 
offers  the  potential  for  studying  the  tiinute  detail*  of  this  extremely  powerful  noise 
producing  eddy.  The  experimental  technique  holds  enormcua  or  entiai  for  the  really 
detailed  study  of  strong  aerodynamic  noise  source# . 

Fueha  dssoxibed  correlation  saa-suriasaats  that  ind,  a«t#  extremely  large  scale  eddying 
motions  in  the  «r*3.y  part  of  a  mixing  jet  and  he  showed  that  the  axially  uysetric  motions 
ware  the  most  effective  sound  producers  in  ai#  jxpcsImHU  It  seems  that  the  vortex 
layers  across-*  jet  are  highly  correlated  in  thoes  acoustically  efficient  turbulent 
eieaenu*. 

Sudhsaiimn  described  to  the  . Meeting  theoretical  **-udtas  he  hr  j  been  conducting  with 
colleagues  on  the  rolling  up  of  tins  thin  initial  Vorttx  sheet  into  rapidly  growing  spiral 
vortices,  to  him  the  most  powertoi  turfeclant  elssents  of  the  jet  raixir ;  layer  appear  es 
etrOhg  individUal  verfeieee  generating  noire  as  they  grow.  Linear  instability  theory  is 
hatdlv  relevant  to  this  process,  for  the  shsar  layer  which  is  assumed  nominally  in 

these  CAlddlifci^ss  is  quiokjy.  convoluted'##  it  is  wrapped  into  the  growing  vortex  spiral. 
Kuc^ee&nn  reaifcfed  tM  M#«ting  o?  .i?randti>s  early  ttudie#  of  this  process  and  how 
dayuJniusctvt?  *.le«g  tli Hr*  f«re  shv^is-j  fjNioisa  of  an  effective  modelling  of  the 
etron^aat.  efiest le^sr  a&tlbas>.  LtUfer  end  naplan's  studio#  -cdnetntrettd  also  on  the 
disdjifSst'  vbrtsx  motion*  but  bsgbdisieM  ,tp:  iptstsotica  between;  an  array  of  vortices 
■  rather  than  the  single  growing  ais*wsnh .  Laufir  describes  expariwante  in  which  a  shear 
laysstwa#  observed  to  -  degauss:  ate  into  *  street  of  tJont*ntrnt«l  vertices ,  which  propagate 
•  an  initially.  jh*$r»iar  '  **  the  vortex  system,  ifcavwls  small  deviations 

«9iar*d^list»'tle«  •  &m*-  febur  va»tiea»;-  to  approach  '<m  another..  Laufer 
described  -m  aktmtely  in- which  vortices  aauiigamatad  in  a  process  -of 

pairing  that  took  plaoe  abruptly,  sioh  Vortex.  pairing  would  no  doubt  cause  extreswly 
efficient-  wund  production,  .■bsuftei  said  that  tire  exporiawatt  thay  Had  cocduated  with  a 
two  <ti*#asiocil  mixing  layer  indicate  that  the  vortex  pairing  process  is.  the  essential 
•element. of  turbulent  mhaar  la^'r.'thlekahihsf,  motion  is  viewed  correctly  it  can 

be  mm  to  coefsri**  a  relatively  distinct  array  of  eddies  «&lch  continually:  pair  as  they 


travel  downstream  into  a  system  of  larger  and  less  numerous  eddying  motions.  This  view 
of  the  turbulent  mixing  process  holds  the  promise  of  a  much  more  rational  understanding 
of  the  sound  producing  motion  than  is  ever  likely  to  be  possible  in  the  conventional 
statistical  description  of  shear  layer  turbulence. 

An  experiment  in  a  similar  vein  was  described  by  Emmerling .  He  had  studied  with 
Meier  and  Dinkelacker  the  pressure  perturbation  on  a  plane  surface  supporting  a  turbulent 
boundary  layer.  They  had  developed  an  extremely  novel  method  of  measuring  the  surface 
pressures  in  which  a  test  section  of  the  surface  wsb  constructed  with  an  array  of  compliant 
optically  reflecting  segments  whose  deviations  under  the  unsteady  pressure  could  be 
measured  by  optical  means.  Emmerling  described  in  immense  detail  the  behaviour  of  certain 
violent  transient  motions  in  the  boundary  layer  as  they  grew  and  travelled  downstream. 

He  reported  a  very  high  correlation  between  the  large  scale  structure  across  the 
turbulent  boundary  layer  and  the  occurrence  of  distinct  pressure  eddies  at  the  wall. 

With  this  experimental  scheme  in  which  distinct  motions  are  measured  rather  then  the 
statistics  of  the  motion  a  powerful  verification  of  a  dynamic  model  has  been  obtained. 

The  experiments  are  consistent  with  the  view  that  the  large  scale  motions  of  the 
boundary  layer  induce  a  changing  boundary  layer  profile  which  erupts  in  a  locally 
unstable  region  to  generate  extremely  active  bursts  of  turbulent  energy. 

From  these  presentations,  all  concentrating  on  identifiable  features  embedded  in  a 
nominally  chaotic  flow,  one  can  see  that  the  subject  is  in  a  very  exciting  transitory 
state  in  which  the  statistics  of  the  flow  is  gradually  being  de-emphaaiced.  By 
concentrating  on  identifiable  events  in  the  turbulence  there  seems  to  be  a  promise  that 
important  items  of  the  motion  will  be  understood  in  far  greater  depth.  With  that  there 
is  every  possibility  that  the  understanding  will  lead  to  eventual  control  of  the  large 
eddies  and  the  dominant  radiated  noise. 

4.  Excess  Noise 


The  Lighthill  theory  of  sound  generation  by  turbulence  is  an  asymptotic  theory  valid 
for  sufficiently  low  Mach  number.  The  most  outstanding  prediction  is  that  the  sound 
intensity  will  scalo  on  the  8th  power  of  jet  velocity.  Vet  experiment  seems  to  Indicate 
that  there  is  an  inevitable  departure  from  the  6th  power  law  as  the  jet  velocity  is 
reduced.  In  most  practical  situations  the  departure  occurs  at  a  relatively  high  spaed, 
at  jet  exit  velocities  of  1000  feet  per  second.  But  from  the  clean  no* tie  flow  oxhausting 
from  a  smooth  reservoir  of  high  pressure  air  the  8th  power  law  can  be  maintained  down  to 
jet  speeds  of  the  order  of  300  feet  per  second.  The  reason  that  the  8th  power  law  ia  not 
maintained  to  very  low  spaeds  is  thought  to  be  that  there  is  in  addition  to  the 
Lighthillian  mixing  noise  other  sources  of  sound  which  become  the  dominant  sources  once  the 
jet  spaed  is  reduced  sufficiently  that  the  jet  mixing  noise  is  smaller  than  the  ejund  of 
these  other  additional  sources.  The  term  excess  noise  has  been  coined  to  deal  with  these 
other  sounds,  and  since  the  definition  is  intended  to  cover  all  other  sources  there  can 
be  no  unique  explanation  as  to  the  origin  of  the  excess  noise. 

One  source  of  sound  additional  to  the  mixing  noise  is  that  generated  when  turbulent 
eddies  scatter  the  wave  energy  of  shock  waves  that  form  in  improperly  expanded  supersonic 
jets.  Often  the  energy  so  shed  is  sufficiently  powerful  that  on  interacting  with  the  jet 
nosale  it  provokes  an  eddy  in  the  jet  shear  layer  to  travel  downstream  to  scatter  the 
shock  energy  once  more  a  characteristic  time  later.  That  regenerated  a  sound  wave  and 
thij  process  loads  to  a  discreet  frequency  sound  known  as  screech.  The  screegh  cycle  is 
easily  controlled  and  is  probably  not  of  great  technological  significance. 

Until  recently  it  was  only  the  frequency  of  the  screech  cycle  that  had  been 
properly  predictable  from  any  theoretical  modelling.  But-  the  meeting  heard  Harper-Bourne 
and  Fisher  describe  a  qualitative  modelling  of  the  sound  generated  by  turbulence  interacting 
with  an  array  of  shocks  in  a  supersonic  jet.  They  described  a  model  in  which  a  turbulent 
eddy  travels  downstream  at  about  the  mean  sheas  layer  velocity  maintaining  coherence  and 
surviving  the  interaction  with  Several  successive  shocks.  In  this  way  the  sound  generated 
when  the  eddy  interacts  with  shocks  forms  a  phased  array  of  acoustic  emitters ,  and  this 
leads  to  a  distinct  and  predictable  directionality  of  the  radiated  sound,  a  directionality 
wholly  attributable  to  the  geometry'  and  phsaing  of  the  array.  The  Harper-Bourue  Fisher 
model  takes  no  aceunfc  of  any  possible  directionality  to  the  Bound  radiated  by  any  one 
shock  during  vortex  excitation.  Fisher  and  Harper-Bourne  find  experimentally  that  the 
strength  of  fchsi  radiated  wave  ie  in  direct  proportion  to  tint: pressure '< difference'  acres* 
the  mean  shock  waves  of  tins  jet.  Thay  have  produced  a  model  in  which  the  strength  of  the 
shook  associated  noise  is  predicted  from  the  Mach  number  of  tdtg  jot  and  the  directionality 
ie  determined  by  the  velocity  sad  spacing  of  the  mean  shock  waves.  •  They. shewed 
experimental  evidence  that  the  aodei  so  produced  is  in  extro&ieiy  close  agreekwat  with  the 
shock  associated  noisa  measured  m  cold  model  jets  and  oil  full  sceie-ev^wfcrsOfd^  aeroengines. 
This  vovk  therefore  represents  *  cignif icaht  improvement'  enter  the  previous  position  where 
only  the  qualitative!  nature  of  the  shock  induced  noise  had  been  modelled  successfully. 

A  teoottd  sfsurce  of  noise  additional  to  that  usually  described  in  the  tighthiil  model 
concerns  the  non-isentropic  *»**•■  in  the  tvsbhidilCe  streee  -tefeeor.  These  were  described, 
fey  hilley  and  by  lush  and  yiehee*  on  first  sight  it.  seed*  that  these  terms,  describe  a  ■  • 
source  of  sound  In  the  unsteady  miking.  bet»fcn.n.-«&*  stsfceftl dsnetty  th*i' 
increases  in  proportion  to  the  fourth  power  of  jet  Velocity,  Lush  and  Fisher  showed  how 
a  two  part  model  of  jet  noise,  one, such,  source  increasing 'With  -the'  four fch.fo  war  of  jet 
velocity  and  the  otSwfc  the  bl.ghtMllien  ty$*  Inerea.sfceg  .eighth :$£»*. 'ft.. .  ' 

velocity,  could  be  .made  to  fit-  the  *xp*r  beestel  'data-  over  a  wide  rang*  bf  jet.  speeds.,/'.; 
Furthermore  the  different  eedeltivity  of  these  two  source*  to  kh*  mean  jet  density 


accounted  for  the  observed  tendency  for  jet  noise  to  increase  with  the  reducing  density 
at  low  jet  velocities  but  to  increase  with  increasing  density  at  high  jet  speeds. 

Lush  and  Fisher  went  on  to  shew  that  this  interpretation  though  consistent  with  the 
experimental  model  was  actually  no  more  than  an  empirical  fit  because  a  more  careful 
analysis  of  the  non-isentropie  term  actually  showed  that  this  source  generates  sound 
which  scales  in  proportion  to  the  sixth  power  of  velocity  and  not  four. 

Some  debate  arose  on  this  pofnt  Professor  Lilley  not  agreeing  that  the  fourth  power 
term  Vanished  on  careful  analysis,  though  there  seemed  little  doubt  in  Lush's  mind.  The 
meeting  was  not  presented  therefore  with  a  convincing  account  of  the  reasons  why  the 
temperature  effects  on  jet  noise  were  those  experimentally  measured  though  the  paper  by 
Lush  and  Fisher  provided  an  excellent  empirical  fit  to  that  data,  it  was  not  clear  that 
the  source  of  the  fourth  power  of  velocity  term  was  properly  attributed  to  the 
non-isentropic  mixing,  and  bearing  in  mind  that  the  meeting  had  already  heard  Hani's 
paper  in  which  the  temperature  dependence  had  been  accounted  for,  not  as  a  source  term 
but  as  an  effect  arising  from  the  variable  propagation  of  sound  within  the  jet,  it  seems 
that  this  subject  s  far  from  closed. 

Moat  of  the  studies  conducted  unde,  the  general  heading  of  excess  noise  have 
concentrated  on  sound  generated  cither  within  the  engine  or  jet  pipe  system  or  by  the 
interaction  of  turbulence  with  the  notxle  plane.  This  subject  was  described  by  Crighton. 
It  was  interesting  that  though  this  is  an  area  on  which  much  of  the  recent  jet  noise 
research  had  been  concentrated,  and  which  in  clearly  the  one  most  relevant  to  the  noise 
cf  modern  engines  with  their  low  specific  thrust,  Crighton' s  was  the  only  paper  on  this 
topic. 


Crighton  emphasised  that  ell  practical  flows  would  have  a  certain  level  of  turbulence 
at  the  nossle  exit  pleas,  this  turbulence  would  Induce  an  unsteady  thrust  and  to  a  lesser 
extent  an  unsteady  mass  flow,  acoustically  equivalent  to  a  dipole  and  a  weak  monopole 
respectively,  the  sound  induced  by  notxle  based  turbulence  would  therefore  scale  on  the 
sixth  power  of  velocity  at  low  enough  speed  and  must  as  the  Mach  number  is  reduced 
overwhelm  jet  nixing  noise.  Crighton  went  on  to  show  that  even  if  the  nozzle  flow  was 
generated  from  an  absolutely  smooth  upstream  reservoir,  the  turbulence  in  the  downstream 
jet  mixing  layer  would  inevitably  induce  unsteady  pressure  perturbations  at  the  nozzle 
causing  unsteady  noxxle  exit  flow.  The  nossle  based  sound  its  therefore  an  inevitable 
part  of  jst  noise  however  smooth  the  upstream  conditions.  This  nozzle  based  source  has  a 
characteristic  directionality,  the  week  monopole  exactly  cancelled  the  sound  of  the  dipole  in 
the  downstream  direction  and  augments  it  In  the  upstream  direction.  Nozzle  based  sources 
have  therefore  a  characteristic  tendency  to  radiate  to  high  angles  and  into  the  forward 
arc.  Crighton  want  on  to  show  how  these  sources,  being  sttschcd  to  the  aircraft,  are 
subject  to  Doppler  effects  associated  with  the  aircraft  ssetioh.  These  Doppler  effects 
increase  the  frequency  in  the  forward  direction  and  incs tmm  the  intensity  of  the  nozsle 
based  sound  by  the  inverse  fourth  power  of  the  Doppler  factor,  Crighton  reported  that 
these  effects  ware  consistent  with  recent  experimental  da*-*,  and  that  the  directionality 
of  the  nozzle  based  source*  is  quite  the  opposite  from  tfcAt  due  to  internally  generated 
sound  which  tend*  to  radiate  preferentially  into  the  rearward  arc. 


Crighton  also  described  a  method  of  parametric  amplification  of  internal  noise. 

The  mechanism  here  is  that  sound  incident  from  upstream  lor  possibly  from  the  outside  of 
a  jet  pipe?  can  trigger  at  the  nossle  exit  plane  a  jet  s'H'ar  layer  wave  which  grows 
exponentially  during  its  initial  travel  downstream.  Thio  growing  wave  act*  back  and  i* 
scattered  by  the  sharp  lip  of  the  nosxla  to  generate  *oun#  very  effectively  indued.  In 
fact  Crighton  said  that  it  was  possible  to  show  that  this  tAochnnism  was  capable  of 
accounting  for  the  34da  amplification  effect  measured  experimentally  by  Crow,  who  had 
shown  that  the  sound  of  an  upstream  source  could  be  Inorddeed  by  that  factor  by  jet  flow. 


In  their  description  of  recent  studies  into  Concords  -chi*#  reduction  Koch  and  Hawkins 
gave  a  comprehensive  Hating  of  asper besots  relating  to  **©**.»  noise  and  tha  effect  of 
forward  epaed.  They  showed  that  even  it  Concorde  engine  excess,  low  velocity 

index,  holes  sorted*,  were  dcadasht  efc-  "law#*  power  eetfasftgjK  ^nrtheoiore  they  -were  even 
» ore  dominant  in  flight'  whs*#  the  jet.  .mixing 

holes .  They  showed  also  how  this-  sound  rfedittsa  pfedd«ina4F5l|'..^f  higb  aiigle*  to  the  jet 
and  how  it  can  be  brought  under  acme  masisurw  of ■  'dontrol  either  absorbing  Internal 
sound  within  the  engine  jet  pipe  or  by  the  removal  of  jet  pipe  turbulence  with  the  use  of 
jet  pipe  flow  efcrelghibner's.  The  Cofttcrda  programme' Has  au^o'rtld  many  studies  into  the 
dffect  of  forward  flight  oh  noise  and  Hew*  end  Staekiris  ohowed  that  vbrrssa  LighthilU&tt 
jet  mixing  holee. i«  reduced  foawerd  flight,  the  sound  in:th*  forvgrd  direction*  ie 
actually  ine  tewed, '  the  evidence  they  get*  wee  coosistehtwith  Crlght«^*s  model 
predicting  that  the  sound  generated  fey:  noesl*  baaed'  source*.  «**  sub  ject  to  an  aaspllficatieu 
in  proportion  to  the  fpurth'power'  of  .the  aircreft  scaler  factor*  '  ' ' 

ftroa  the  ptesemtetloex  ea*  gathered  the.  iapreesitn  that  virtually  all  jets,  model  .an*  . 
T  aes,  attt  subject  .to  additional  noise,  ebulces  which  are  proving  eore  .difficult  to 
attenuate  than  the  boavaafciopai  mixing  enuron*  which  are  slievisfeed  'by  relative  velocity 
effects.  .  i*c  doubt  this'  excess,  seise  brta  ie.et  the'  begir.nk>g'i:df  »  sicwth  phene '  since 
■  future-  jet  males-  reduction*  ate-  dependant  on  so**  control  of  t&e  aon-mixlng  noise  eonreed, 
:fh*;  model*  no  claim ■  to  bsing  «.  somprehaaRive  account  of  dll  sources  in 

the :  axs»aa  ••anise.-  category,  feet-  aasey  of  the  dharectarlsfic*  of-  a  practically  important 
ekoiae  -swine  eource  'did  seam  ra  bosreapodg  to  tboiia --predtcted  by-  Crighton,  Or'  the  -other 

Is*-  ts&tnsidiintel-  •.«»' 

the'  the^:d<^iiiudeut;c«.-;t*e  '«es*SM:.iod  ■  that  msefc.'H«a^e  is  'low*  ■ 
the  Hitch asnher  in  the  j*fe  liaise ;(evs«Uwi^:-dddka4:''wse, of' ■  the..<*det::o2:-tjU^<  mfaeee- -the  ■ 


%  ..  •  ■  •  ••  •  '• 


detailed  theoretical  modelling  could  hardly  be  relevant.  Even  if  the  theoretically 
model lad  source  id  the  one  most  dominant  in  the  practical  situation  there  is  still  a  long 
way  to  go  before  the  model  is  described  effectively  at  the  range  of  parameters 
characteristic  of  the  actual  experimental  situation. 

5.  The  Control  of  Jet  Moisa 


In  a  joint  paper  Hoch  and  Hawkins  described  the  search  for  jet  noise  suppression 
devices  that  has  been  sponsored  by  the  Concorde  programme  and  it  was  interesting  to 
observe  how  small  a  part  of  the  problem  was  occupied  by  conventional  jet  noise  of  the 
type  that  has  been  tackled  in  the  past  by  multi-tubed  and  multi-spoked  nozzles  of  one 
type  or  another,  certainly  the  programme  had  its  ad  hoc  search  for  nightmare  nozzles, 
but  in  the  main  Bodt  and  Hawkins  described  a  rational  process  by  which  efforts  are  made 
to  identify  the  principal  noise  source*  which  are  then  tackled  one  by  one. 

The  most  outstanding  feature  is  vha  directional  suppression  properties  of  notched 
nozzles  of  the  type  used  on  the  latest  version  of  the  Concorde  with  the  type  26  nozzle 
system.  Static  noise  reductions  of  more  than  lOdli  are  reported  with  a  thrust  loss  leso 
than  5  per  cent  at  maximum  taka*cf£  power,  and  the  fundamental  cause  of  this  reduction 
is  still  a  matter  of  debate.  The  notched  itoztl*  flow  appears  to  be  a  central  jet  with  a 
subsidiary  lateral  fishtailed  flow  emerging  from  tha  notches.  Xt  seems  that  this 
composite  flow  is  not  as  unstable  a*  the  circular  jet  to  lateral  disturbances  so  that 
the  large  scale  powerful  lateral  jet  motion*  thought  to  generate  the  principal  noise  of 
the  unsuppressed  jet  are  inhibited.  And  it  may  be  that  the  effect  of  the  lateral  flow 
is  to  shield  the  noise  produced  in  the  central  jet  core  from  propagating  into  the 
lateral  directions.  Ana  possibly  the  aound  is  simply  refracted  avay  from  those  directions 
or  perhaps  the  eddy  convection  effects,  so  important  at  these  jet  speeds,  are  modified 
because  the  eddy  is  moving  less  quickly  relative  to  the  local  environment  provided  by  the 
auxiliary  lateral  flow.  But  whatever  the  explanation  it  seem*  clear  that  the  principal 
noise  generated  by  a  very  high  spend  jet  is  subject  to  at  least  directional  control  and 
other  previously  less  important  noise  problems  becoae  dominant  issues. 

The  meeting  heard  how  auxiliary  fiahtailed  jete  could  be  placed  adjacent  to  a  noisy 
high  Rfwsed  jet  to  shield  its  noise.  Evidently  this  procedure  is  not  yet  optimised  but 
the  tests  done  to  date  indicate  that  a  distent  observer  hears  only  the  noise  of  those 
parts  of  the  jut  with  an  uninterrupted. anient  flow  propagation  path*  10  decibels  of 
shielding  was  reported  from  relatively  small  jets  adjacent  to  large  noisy  ones.  But  again 
it  is  not  clear  whether  the  auxiliary  adjacent  jet  modifies  the  sound  at  source  or  merely 
its  propagation  characteristics . 

Only  one  other  item  bote  directly  on  the  control  of  jet  mixing  noise  and  that  was  a 
report  from  Professor  Vaunt  that  swirl  cculd  have  a  beneficial  effect  ca  jet  mixing  noise 
though  evidence  on  this  point  was  still  extremely  spare*. 

Hast  of  the  remaining  discussion  on  jet  noise  control  dealt  with  previously 
unexpected  effects  that  way  not  concern  the  jet  mixing  noise  at  all.  The  noise  of  jet 
mixing  is  reduced  in  flight  because  the  relative  motion  between  the  jet  end  it* 
environment  which  is  the  cause  of  the  aound,  i*  then  leu*  intense*  But  Bach  and  Hawkins 
reported  exteneive  result*  indicating  that  in  most  directions  the  sound  i*  actually 
increased  by  flight  for  a  given  jet  velocity*  though-  the  peak  noise  i*  reduced, 

Theoretical  explanations  of  this  effect  ere  «*Mtru*r<g  alcwly  and  mqufc  of- sham  hinge  on 
attributing  to  th*  eeouxtie  source  tha  convection  velocity  of  the  aircraft  rather  than 
that  of  th*  jet  mixing  addle*  travelling  duWBVfcseCa.  Xt  possible  that  even  In  th* 

Concord*  eituefion  the  noise  eaittad  to  so*f  direction*,  lie  actually  not  jet  noise  at  all 
but  excess  noise  generated  either. within-  the  . engine  ok  by  unsteady  noesle  flow,  get  pipe 
pound  absorbent  linings  ere  Successful  in : alleviating  much  of  thi*  nois*  and  sons*  benefit 
result  v  from  atsaighbeaiag  th*  jet  pip*  flow  by  means  of  a  honeyeoeb  •urcotvir*  within  the 
jet  pipe,  • 

Tha  thread  cehtinuputiy:  through  tfe*  pEa*»atation.sodu  by  Sawkina  ws*  that  the 

mt*  d&f- V*  on*  diacowrad  .byatu^ihgin  real  S*pth  th*  practical  problem  th*  let*  it 
«**«*&  frv-s  MotmiwithielessicH  'mbdeiv  iusiao,"  aid -quit*  a:ib*i  in 

trying  t  4d*i  utand  -  the  cauaea  and  cure*.-  They'  *oe  *1*6  extiimwly  vary  of  .extrapolation  : 

from.  ,eb7  s  tb :fcot  -nodal*  e*  from-- model*  to . full  ‘  ecsls^nmyih**  or  from  statiO'-maiParaeieiBi**  - 
to  flight.  '  theca  ix  ■  obviously  .a  *.*«*£.  deal  of  fuedasmofcsl  work  to  ba  doom  to  provide  * 
flvwuruler  amending  <sm  which  practical  advance*  okg.'be  baaed.  . 

».  '  Problem'  kaNwc  liktiV  to  feScote  .msrw  .V/C  -  .  . 

■tha  Ifiiaracii.oo.-.ci'f ■  flow  1*  *&- grwt  or-  snetakting  iiVteteet*  the  meeting 

had  heard  how  noise  we*  apparently;  iocap^i*  of  being  .g*h*r*k*»i  by  one  jet  ciea*  to  k  ;  _ 
-eaallet  jib  or-  aiootdati..u*iy .  kMne  intu^afele-gf  tfcxoug&.-t&efe.  quiet-  jet.  tt  'had 

alio  hoard-  how  wsa;  inhibited  feaF  $«'  *xt*»eiy*  mean  Slow 

surrounding  a  turbulent  •fheOxetibit  dsi^lcpme.Hfci'  indicate  a  profound  change  -i«  the 

character  of  tha  eouad  radimfcml  by  *  aomxco:  wfeme-\tb*c  mourc*  .la  adjacent:  to  *  *t«*« 

• ia^tix4'ty : <mdoeatrctiOh.  '  :  '"-'l.-'". 

.tie*  '**#£&*  .  i*  *  jmet  .of  *jtii**s  »E3ofc£o4l  cigxifioatti*;,  -the -  acoustic  . 

.fe^uiour.bf/os»isgyc»t  their 

eov^.^isertjiag  sbacectarietbse  an- marly  &Bm*e 

tait  oa*--*sa>*Kix*fct  h.iiig.-MW'W-iU -V* -  tcaawurtaaae  dmsc&ihed'-m  meudar  had;..- 


conducted  with  Ronneberger  in  which  they  had  measured  the  influence  of  mean  flow  on  the 
impedence  of  a  perforated  plate.  Much  of  the  behaviour  could  be  explained  in  terms  of 
the  resistance  offered  by  the  porous  plate  to  flow  across  it,  but  there  was  some 
indication  that  non-linear  hehaviour  had  to  be  taken  into  account,  and  experiments  on 
that  are  evidently  just  beginning.  / 

Tho  possible  development  of  short  take-off  and  landing  aircraft  calls  for  lift 
augmenting  devices  that  might  involve  ths  jet  being  directed  at  a  system  of  flaps. 

The  interaction  of  the  jet  with  those  flaps  is  known  to  be  a  powerful  acoustic  source 
whose  control  is  still  in  its  infancy.  The  basic  noise  generated  by  the  flow  about  the 
aeroplane  as  opposed  to  the  engine  generated  noise  is  also  emerging  as  an  important 
item  on  large  aircraft  in  high-drag  landing  configurations.  This  is  another  item  that 
is  only  now  beginning  to  attract  the  attention  of  noise  control  workers. 

The  shielding  afforded  by  an  Airframe  structure  has  yet  to  be  exploited  properly. 

The  meeting  heard  of  projects  where  the  engines  are  located  above  the  wings  to  shield 
their  noise  from  the  ground.  It  seems  to  be  an  open  issue  as  to  how  effective  such  shields 
can  be  and  there  is  a  real  possibility  that  additional  sources  will  be  created  by  the 
interaction  of  jet  turbulence  with  the  trailing  edge  of  the  shielding  wing.  It  may  be 
necessary  to  place  engines  very  close  to  the  upper  surface  of  the  wing  to  optimise  such 
shielding  effects,  in  which  case  problems  arise  regarding  the  possible  generation  of 
noise  in  the  compressor  operating  on  highly  distorted  boundary  layer  inlet  flow.  Also 
large  unsteady  structural  loads  can  be  expected  on  the  surfaces  beneath  the  jet  mixing 
region. 

The  meeting  was  told  that  the  space  shuttle  being  constructed  in  the  American 
space  programme  had  new  and  important  sources  of  noise  associated  with  its  novel  flight 
regime. 

The  emphasis  now  being  placed  on  discreet  eddying  motions  and  the  drift  away  from 
the  statistical  approach  shows  promise  for  the  future.  The  importance  of  the  noise 
generated  by  distinct  powerful  but  isolated  events  points  the  need  to  a  conditional 
sampling  approach  to  experimental  jet  noise  research.  The  meeting  saw  the  results  of 
several  extremely  effective  flow  visualisation  techniques  and  no  doubt  these  will  also 
have  an  important  bearing  for  the  future. 

On  the  theoretical  side  there  is  a  possibility  that  non-linear  propagation  affects 
must  be  admitted  and  studied  and  their  relevance  to  practical  noise  problems  determined. 

The  current  tendency  to  ignore  their  effect  may  be  misleading. 

Host  of  tha  debate  on  aerodynamic  noise  concerns  the  fundamental  mechanisms  by  which 
sound  is  created;  it  rarely  ventures  into  what  is  technologically  the  most  important  area 
the  control  of  jet  noise.  There  is  good  reason  for  this  of  course  bacaus  silencers  are 
traditionally  studied  in  commercial  companies  researching  to  develop  a  product.  It  may 
veil  be  that  the  long  term  progress  would  be  enhanced  if  research  laboratories  joined  in 
the  search  end  studied  the  changes  in  the  flow  and  in  the  sound  that  results  from  various 
silencing  schemes  in  very  much  more  depth  than  has  been  past  practice,  and  ACARD  might 
have  a  role  te  play  in  encouraging  such  work. 

It  became  clear  at  the  meoting  that  there  are  two  new  problems  of  outstanding 
practical  importance.  Tha  first  is  the  entire  issue  of  excuse  noise  and  its  control. 

The  second  ie  the  effect  of  flight  on  the  various  sources  of  sound  and  the  apparent 
inability  to  predict  the  level  of  noise  an  aircraft  will  make  given  only  its  noise  Under 
static  conditiona  at  ground  level.  The  reasons  for  this  should  ins  established  »s  a 
matter  of  urgency,  and  ways  of  simulating  flight  effectively  either  in  a  wind  tunnel 
possibly  similar  to  that  described  by  be  Hot*,  or  in  a  flying  tast  bad  osf  with  a  wiving 
engine  platform  must  bs  found.  So  far  it  is  far  from  clear  what  kind  of  facility  would 
be  moat  effective  but  it  As  becoming  obvious  that  such  a  facility  would  be  expensive  and 
might  well  require  multi'  Wt tonal  support.  RGARO  could  play  an  important  role  in 
defining  and  encouraging  TRP  provision  of  an  effective  flight  noise  simulation  facility. 

The  -seating  provided  a  forum  for  the  exchange  of  information  among  specialist 
workers  In  the  field,  but  time  restrictions  had  forced  many  interesting  items  to  be 
cunitted.  The  field  is  developing  rapidly  and  M'-ARo  might  consider  that  these  specialist 
meetings  should  taka  place  more  frequently  than  has  been  past  practice. 


Recommendations 


It  is  currently  impossible  to  predict  with  confidence  the  noise  that  will  be 
emitted  by  an  aircraft  in  flight  given  only  its  noise  at  ground  level  under  static 
conditions.  The  noise  of  all  future  aircraft  will  have  to  be  guaranteed  to  meet 
definite  certification  levels  so  the  task  of  devising  a  reliable  flight  noise  prediction 
method  is  of  paramount  importance.  AGARD  might  consider  the  setting  up  of  a  working 
panel  to  define  and  recommend  ways  of  providing  the  means  by  which  this  indeterminacy 
can  be  removed,  it  may  be  that  teats  hs.u  to  be  conducted  under  controlled  conditions 
on  a  moving  jet  noise  platform  or  a  major  acoustic  wind  tunnel  my  be  necessary  or  a 
versatile  noise  flying  test  bed.  Such  a  facility  may  require  multi-national  support 
of  a  kind  that  AGARB  might  well  provide. 


The  aerodynamic  noise  field  is  one  that  is  currently  eve'  >i«g  extremely  rapidly 
and  many  changes  occur  between  the  specialist  meetings  that  AUiRTi  organise  on  tne 
subject.  It  would  be  useful  therefore  to  hold  the  specialist-  meetings  more  frequently, 
possibly  annually. 


AGARD  might  stimulate  the  exchange  of  information  regarding  noise  suppression 
techniques  which  have  in  the  past  been  developed  within  cowsercial  institutions  where 
they  are  not  subject  to  the  depth  of  study  required  for  their  detailed  understanding. 
But  their  development,  is  costly,  AGARD  might  provide  the  initiative  for  an  aircraft 
noise  reduction  programme  which  could  be  conducted  in  sufficient  depth  that  the 
detailed  changes  being  made  by  the  various  silencing  schemes  were  properly  understood 
and  documented.  A  positive  effort  is  needed  to  inject  deep  scientific  enquiry  into 
practical  traditionally  ad  hoc  suppression  studies. 


OPENING  ADDRESS 


by 

i>:.  R.Ijggcndre 

The  Chairman  of  the  Programme  Committee 


Although  not  myself  %  specialist  in  acoustics,  I  have  a  strong  interest  in  the  subject  and 
I  was  pleased  to  accept  the  Fluid  Dynamics  Panel’s  request  to  organize  this  Specialists’ 
Meeting;  1  knew  I  could  rely  on  the  assistance  of  those  who  are  experts  in  the  field. 

Sir  James  Lighthii!  is  unable  to  attend  our  meeting  because  of  other  commitments, 
but  his  name  will  be  mentioned  many  times  during  this  conference.  We  are  very  happy 
to  have  Professor  Ffowcs  Williams  with  us;  although  not  a  member  of  the  Fluid  Dynamics 
Panel  he  has  given  us  a  very  great  deal  of  assistance  in  preparing  the  meeting,  for  which  I 
thank  him  very  much. 

I  hope  this  meeting  will  reach,  and  perhaps  go  beyond,  the  tevel  of  the  successful 
one  at  Saint  Louis  on  Aircraft  Engine  Noise  and  Sonic  Boom,  in  1969.  Indeed  our 
purpose  is  not  to  repeat  the  Saint  Louis  discussion  but  to  extend  our  understanding 
beyond  that  achieved  there.  It  will  be  a  difficult  task;  noise  is  closely  linked  with 
turbulence,  and  after  SO  years  of  study  we  still  cznoot  claim  complete  understanding 
of  that  subject. 

After  Professor  Ffowcs  Williams*  introductory  paper,  which  will  deal  with  basic 
mechanisms,  you  will  hear  several  papers  on  jet  noise.  These  will  show  that  there  has 
been  mere  marked  progress  in  the  field  of  experimental  methods  and  results  than  in 
developing  Lighthill’s  theory.  >  do  not  say  this  in  a  critical  way;  we  need  more 
knowledge  of  the  exirilr^  situation  before  we  can  formulate  rational  theories.  I  hope 
the  discussion  will  deal  with  the  correlation  between  Lighthii!’*  quadruple  theory 
and  the  relative  displacement  of  vortex  rows  moving  at  different  velocities.  There  are 
only  a  few  papers  on  sonic  boom,  but  they  contribute  -ell  on  the  subject.  The 
relationship  between  boundary  layers  and  noire.  is  a  difficult  subject;  we  hope  more 
work  in  this  ftdd  will  result  from  the  papers  presented. 

We  had  hoped  for  papers  at  ou?  meeting  from  four  other  AGASD  panels,  but  in 
the  event  we  have  two  only,  the  Aerospace  Medical  Panel  and  the  Structures  and  Materials 
Panel.  We  trunk  those  pends  very  much  for  their  coairibudoos  to  our  meeting. 

1  thank  the  Itagfamme  Comraista©  fee  their  efforts*,  now  it  is  far  you  who  am 
present  here,  to  make  this  conSwmcc  a  tueoess. 


IMBUL3IVB  30BH0S3  OP  AERODYNAMIC  30UUD. 


by 

John  E.  fffowoB  Williams 

University  Engineering  Department, 
Cambridge. 


The  rapid  acceleration  of  large  bodies  causes  the  local  motion  to  shed  its  kinetic 
energy  into  the  radiation  field.  For  example,  a  body  steadily  moving  in  potential  flow 
sheds  all  its  'virtual*  energy  into  sound  if  it  is  brought  to  rest  impulsively,  such 
rapidly  accelerated  large  scale  motions  therefore  represent  an  extremely  efficient 
source  of  aerodynamic  sound.  Motions  of  this  type  are  diBcuased  with  a  view  tc  ex¬ 
plaining  the  origin  of  occasional  particularly  violent  pressure  transients  that  are 
Observed  in  the  nolee  field  of  high  velocity  jets. 


Steady  flows  generate  the  sound  of  an  organ  or  flute  without  the  action  of  surface 
vibration  in  a  musical  but  mechanically  inefficient  manner.  The  driving  flow,  with 
velocity  U,  develops  instabilities  that  yield  an  unsteady  velocity  of  magnitude  aU  eay 
with  a  characteristic  frequency  U/l  set  by  the  mouthpiece  length  scale  1  which  is 
matched  to  a  pipe  resonance  frequency.  The  unsteady  pressures  in  the  flow,  of  order, 
aoU*  drive  a  resonant  air  motion  in  the  pipe  to  a  sufficiently  high  amplitude  that  the 
driving  pressure  can  be  balanced  by  the  radiation  pressure  at  the  pipe  opening  which  is 
email  an  the  acoustic  length  scale.  The  oscillating  volume  flow  into  and  out  of  the 
pipe  constitutes  a  compact  mosopole  that  forces  a  radiating  pressure  field  jaU2l/r 
associated  with  which  la  a  resonator  response  velocity  at!.  The  driven  motion  within  the 
organ  pipe  la  therefore  of  the  ease  order  as  that  at  the  mouthpiece  and  must  have  an 
easentiel  back  reaction  or  the  flow  even  though  the  energy  radiated  as  sound  ie  ex¬ 
tremely  small,  of  order  e.2!  times  the  mechanical  energy  m  the  driving  flow,  tf  being 
the  Kach  murtjer  U/c.  Therefore,  though  it  is  true  that  the  acoustic  preaeures  can  be 
related  to  the  driving  flow  of  which  they  form  a  mere  by-product,  that  flow  is  itself 
dependant  on  resonator  characteristics.  Then  the  specification  of  the  Bound  field  as  a 
function  of  the  flow  parameters,  complete  as  it  is,  fails  to  be  particularly  helpful 
for  the  essential  problem  of  determining  the  source  velocity  has  been  avoided  by  citing 
it  S3  a  parameter.  The  organ  pipe  problem  will  not  be  fully  'understood'  till  the 
intricacies  of  unsteady  flow  in  a  ooupled  resonator  and  mouthpiece  are  worked  out  in 
detail,  and  thia  is  still  a  very  long  way  off. 

In  forming  the  subject  r>~  aerodynamic  sound  Lighthill  (1951)  deliberately  avoided 
situations  in  which  the  unsteady  flow  might  be  considered  sensitive  to  the  field  it 
drives.  He  concentrated  on  problems  where  sound  is  generated  by  flow  in  the  absence 
of  resceatore,  or  sounding  boards,  and  considered  only  those  caeca,  where  energy  loat 
to  sound  is  an  insignificant  fraction  of  the  energy  flux  ip  the  flow.  But  the  velocity 
field  driven  by  the  aerodynamic  quadripoles  of  his  acoustic  analogy  do  not  actually 
remain  small  In  coeaardsoit  with  the  driving, turbulence,  for  near  a  quadripole  of 
strength  density  eu*,  the  pressure  is  fu2(V*>)3  and  thia  is  associated  with  a  driven 
velocity  field  of  order  u,  en  the  «£«n*p'*‘lon  that  the  source  length  and  time  scales 
are  1  and  Vu  respectively,  A  particular  quad.mpola  in  the  analogy  appears  therefore 
to  b*  highly  affected  by  its  induced  near  field,  and  it  ia  clear  that  the  acoustic 
analogy* in  which  the  quadripole  strength  is  considered  determined  independently  if  its 
field  can  offer  no  besi*  for  investigating  the  details  of  sound  evolution  in  the  near 
field  of  that  eddy  .  Agwip,  s*  in  the  case  ©f  the  organ  pipe,  though  the  analogy 
provides  «  oesplste  apaelfieaiida  of  the  sound  field  in  tertsa  of  source  flow  parameters 
it  leaves  a  very  great  deal  unsaid,  Most  ef  the  recent  development*  in  tbs  theory  of 
•arodytuueie  wound  have  been  in  ti?«  improved  mcslell'tag  of  particular  source  flows  and 
in  the  detailed  caaputaticn  of  the  field  in  the  vicinity  of  especially  strong  scarce 
centred  aucb  aa  turbulence  driven  resonant  bubble*  (Grightott  and  Ffovus  Williams*,  1966) 
sharp  edged  surfaces  of  large  wetsttariag  csss*  section  (Brighton  1972  ) .  Thoae  develop¬ 
ment*  fellow  Ugh  thill'*  work  inasmuch  ee  the  source  regien  Is  always  vssusod  to  be  in 
scat*  scacs  cawpaot  oe  the  acoustic  seal*  and  the  ratio  of  floe  velocity  to  the  acoustic 
apwed  1*  takoa  c«  a  amil  expansion  pa  rase  ter,  The  energy  radiated  ae  sound  is  in  these 
caae*  a.  negligible  fsttctlaa  of  that  is  the  flat*  fhsn  ode  dan  be  .ensured  that  the 
motion  1*  prepst&f  iadepdadently  of  th@  sbtutd  fi«ld  and  can  in 

ttuffiebtly  eimpl*  b«  avwldwtcd  *xpdici.tly  iGannwUsnd  Pfowen  Kill  lava,  1975), 

Tfc#  leaf  tf«c$  number  wutlcgt  fins  b*  wtrwtshed  :%<*  its  limit  to  describe  most 
not**  prcbliaM  Of  aeroasutlcsl  interval  sbere  the  rel*v«st  Mach  cuabar*  are  rarely 
•sell,  they  sre  not  at  *11  ssnli  in- t&r.wsat  imsgpptsat  •«****,•*&«**  *up*fiWBlc  jet 
flew  »ad  itadbUaary  pirtw  l*y  deads  shock  wav**  which,  are  by  no  n*«»s»  negligible  by 
predttsi*  of  an  detemiised  -fia#*  Th*  purpoa*  of  thi*  paper  it  to 

gatawr  esgst her  sew*  thought*  cwrfeo*  this  high  apeed  prcfcl*w  night  be  modelled  *o?« 
offeciivwly  and  to  apseoSwse  ca  th*  ertgio  «Sf  *o*e-.peculitr  charecterlatic*  found  in 
the  fiolss  field  of  aupersc&io  Jet*,  tn  fact  ths  opposite  viewpoint-  to  .that  ef  the 
acoustic  analogy  Will  fe»  t*kanf  whore  the  srurew  motion  is  considered  *ueh  larger  than 
the  aceuekte  length  stele,  this  i*sfe  nukher-is  high  asd  th»  wound  field,  fay 

fro*  b*iu£  s  me^ligibls  by-profito*  of  a  slow  ky&K*djta*fiic  motion  itself  constitute* 
the  flow* 


1-2 


Sound  is  generated  by  unsteady  flow,  eo  that  the  relevant  meaBure  of  time  scale 
is  that  on  which  the  flow  changes  u/Wx“) ,  u  and'Ss  being  written  for  the  characteristic 
oagnitudea  of  particle  velocity  and  its  rate  of  change.  If  Bound  can  cross  the  source 
motion  in  a  small  fraction  of  this  time,  then  all  points  are  effectively  heard  instant¬ 
aneously  and  the  source  field  is  said  to  be  compact .  That  is  the  limit  treated  by  the 
usual  acoustic  analogy  for  aerodynamic  sound  generation.  But  if  the  flow  changes  in  a 
time  very  much  smaller  than  that  required  for  sound  to  cross  it,  then  different  elements 
are  heard  independently  and  the  source  is  said  to  be  non-compact.  The  non-oompaot  case 
corresponds  therefore  to  extremely  rapid  rates  of  change  in  flow  velocity  the  limiting 
case  being  that  of  an  impulsive  acceleration.  We  will  review  some  aspects  of  impulsive 
motion  and  then  examine  their  possible  relevance  to  aerodynamic  sound. 

Consider  first  some  low  Maoh  number  impulaive  motions  in  which  the  velocity  u 
changes  diecontinuously  in  a  propagating  wave  aoroBB  which  the  pressure  rise  is  feu, 
(u=(u|  ).  Any  impulsively  started  boundary  motion  will  cause  such  a  wave  field.  For 
example  8.1.  Taylor  (1942)  showed  that  if  a  spherical  body  of  density  equal  to  that  of 
the  surrounding  fluid  were  subject  to  an  impulse,  then  one  third  of  the  energy  im¬ 
parted  by  that  impulse  would  radiate  as  sound.  Impulsively  driven  motions  evidently 
induce  sound  fields  in  which  the  energy  is  comparable  to  that  of  the  main  flow.  It  is 
this  feature  that  makes  them  extremely  interesting  within  the  aerodynamic  noiBe  content, 
their  relevance  being  more  obvious  possibly  from  Longhorn's  (1952)  analysis.  From  that 
it  is  apparent  that  the  energy  shed  into  sound  by  an  impulsively  retarded  motion  is 
exactly  the  kinetic  energy  of  the  (non-radiating)  flow  previous  to  the  deceleration. 

That  is  a  100J6  conversion  efficiency  of  the  energy  of  local  fluid  motion  into  a 
radiating  sound.  This  sound  production  process  falls  within  the  category  of  aero¬ 
dynamic  noise.  This  view  is  by  no  means  original  though  I  am  not  aware  of  its  previous 
publication.  It  has  certainly  been  taken  by  Professor  Lyon  and  colleagues  at  H.I.T. 
and  W.R.  sears  at  Cornell,  No  energy  is  supplied  by  surface  stresses.  The  abruptly  hal¬ 
ted  boundary  causes  the  previous  local  flow  to  be  gradually  rearranged  and  evolve  into 
a  sound  field.  Levine  (1972)  in  a  problem  of  diffraction  radiation  by  steady  sources 
passing  rigid  obstacles  was  able  to  show  that  all  the  energy  in  that  part  of  the  steady 
field  disturbed  by  the  obstacle  was  radiated  as  sound.  Again  there  is  a  one  to  one 
correapordence  between  energy  radiated  in  a  transient  event  and  that  normally  stored 
locally  in  the  near  field  of  a  steadily  moving  source.  It  is  as  of  the  near  field 
which  at  low  Mach  number  is  virtually  uninfluenced  by  compressibility  is  poised  to 
escape  as  aound  if  provoked  sufficiently  abruptly.  Though  all  these  problems  involve 
linear  low  Mach  number  motion,  it  is  my  view  that  they  give  a  strong  clue  to  the 
energetics  of  all  non-compact  sources  and  that  the  high  Bach  number  aerodynamic  aound 
problems  might  well  be  approached  quite  differently  from  the  low  Bach  number  flows  for 
which  the  aoouetio  analogy  ie  helpful.  Instead  of  assuming  the  source  flow  known  and 
solving  for  the  email  acoustic  by-product,  one  might  regard  the  sound  as  the  vehiole 
by  which  most  of  the  energy  of  unsteady  flow  is  lost  provided  only  that  the  flow 
adjusts  sufficiently  abruptly.  Bince  these  motions  are  the  most  efficient  sources  of 
sound  one  could  then  concentrate  on  the  modelling  of  specific  transients  in  the  flow. 
This  point  will  be  returned  to  later,  but  first  we  treat  some  specific  low  Bpch  number 
cases  which  help  to  point  the  way  for  the  far  more  difficult  high  Bpeed  jet  problem. 

The  principles  involved  In  motions  about  abruptly  halted  boundery  auefacee  ere 
very  simple.  Prior  to  the  impulse  there  ia  a  flow  about  the  body  and  that  flow  of 
course  implies  a  local  distribution  of  kinetic  energy.  If  no*  the  boundary  is  stopped 
impulsively,  then  immediately  following  the  inpulae,  the  flow  remains  unaltered  sines 
information  regarding  the  boundary  motion  has  not  yet  propagated  away  from  the  surface. 
That  information  travels  at  the  speed  of  aound,  and  the  local  motion  will  adjust  to 
the  new  boundary  conditions  just  as  soon  as  sound  has  travelled  over  the  flow  to  con¬ 
vey  the  news,  and  it  is  during  thin  time  that  the  flow  ia  rearranged  into  a  propagating 
field  that  tranaporta  all  the  energy  to  infinity,  Viacoua  effects  are  negligible, 
because  in  the  ties  aound  haa  travelled  at  speed  c  over  the  flew  scale  1  to  effect  the 
eetamorphoale  viscous  diffusion  hse  only  effected  that  flow  wifhia  a  distance of 
th*  boundary  which  ie  only  (the  usually  negligible  fraction)  MSST*  of  the  complete  flow, 
B  and  R  being  the  Mach  sad  Reynolds  number  respectively.  The  Impulse  initially  affects 
only  the  layer  to  which  sound  haa  pens t rated,  and  eo  long  ae  thia  ia  very  thin  in 
comparison  with  the  bodv  curvature,  the  motion  induced  there  i*  essentially  that  of 
s  one  dimensional  wave  In  which  the  normal  surface  velocity  jumps  to  aero  from  its 

f  re-impulse  value  u  a ay.  Thia  jump  is  accomplished  by  en  initial  pressure  discontinuity 
eu  which  propagates  away  from  the  boundary  its  amplitude  decaying  in  *  manner  deter¬ 
mined  by  the  ratio  g?  distance  travelled  to  the  initial  radius  of  curvature.  For 
example  the  transmutation  Of  the  flow  about  a  dcor  slamming  shut  at  a  speed  of  1/fE/aao, 
ia  aceossliehed  by  «  pressure  pulse  of  shout  10 -*  atmosphere,  which  la  of  the  stafe 
magnitude  as  the  overpressure  in.  a  aenicbooe,  This  is  the  minimus  -ou.nd  field  that  an 
abruptly  arrested  door  motion  con  make  and  ia  sddic icasi  to  the  wound  caused  by  any 
vibration  that  is  energised  free  the  Kinetic  energy  of  the  door  itself ,  The  decelerat¬ 
ion  meat  be  impulsive  for  this  reasoning  to  apply.  In  practice  thia  Keans  that  the 
door  must  be  arrested  in  a  tiue  Interval  atelier  than  that  taken  for  scuad  te  travel 
through  the  disturbed  flow,  which  extend*  arsuad  the  body  for  about  «  foot  cr-  ap.  The 
door  travels  I<T5  ft  io  that  time,  so. as  iepuleive  deceleration  is  cne  accomplished 
within  a  dte*aBc«  of  the  order  of  10*2  laches,  a  coevdlUca  only  marginally  met  with 
most  domestic  doors.  Mere  grmdusl  decelerstito  processes  are  cap  sole  of  absorbing  at 
least  sene  of  the  energy  of  the  fluid  motion  eo  that  the  event  will  ia  general  be  very 
much  quieter  -  which  is  as  obviously  appreeiatmd  everyday  observation, 

A  second  ooemeoplace  example  of  an  impulsive  courea  is  provided  by  tha  eudds* 
tension  leg  of  an  initially  buckled  cloth  or  paper.  If  in  atr*ight<Kiiiug,  *  leagtfa  & 
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ic  taken  up  by  the  end  motion  at  a  separation  velocity  V  aay,  then  transverse  motions 
over  fc  distance  of  order  A  must  he  accomplished  also  at  velocity  V  within  the  time 
A/V.  These  ceaBe  abruptly  on  the  sudden  tensioning  of  the  material.  More  probably 
though  the  tensioning  will  generate  a  membrane  capable  of  supporting  transverse 
oscillations  with  a  characteristic  period  T  aay.  The  flow  will  be  arrested  in  a  time 
of  the  order  of  that  period  during  which  sound  can  travel  cT.  Only  when  this  dimen¬ 
sion  is  small  in  comparison  to  the  typical  scale  1  of  disturbed  motion  can  this  prob¬ 
lem  be  considered  impulsive  in  the  sense  treated  here.  The  limit  implies  that  the 
membrane  wave  speed  ia  very  much  higher  than  the  speed  of  sound  in  the  surrounding 
fluid.  The  membrane  can  bo  arrested  only  when  membrane  waves  have  travelled  its  length 
to  convey  the  information  regarding  the  abrupt  tensioning.  These  waves  travel  at  speed 
lee  say,  the  length  of  the  membrane  1  in  the  period  of  natural  motion  l^cT.  Only  when 
this  is  small  compared  to  the  time  taken  for  sound  to  cross  the  disturbed  area,  l.e. 

1/ cm  at<dl/o,  can  the  acoustic  problem  be  considered  truly  impulsive,  and  this  we  see 
corresponds  directly  to  the  condition  that  the  source  region  contains  a  natural  velocity 
faster  than  the  speed  of  sound.  The  equivalence  of  supersonic  source  phase  velocities 
and  impulsive  conditions  is  thereby  illustrated.  The  cracking  of  a  whip  ia  a  similar 
case,  where  the  effective  sound  radiation  can  be  regarded  as  a  result  of  either  an 
impulsive  tensioning  of  the  whip  or  a  consequence  of  the  wave  velocity  in  the  wLlp 
reaching  supersonic  speeds.  The  two  views  are  equivalent  and  it  is  this  equivalence  that 
makes  the  study  of  impulsive  sound  generation  relevant  to  the  understanding  of  noise 
sources  associated  with  supersonic  aerodynamic  flaws.  Particle  velocities  need  not  be 
large  in  these  high  phase  speed  or  effectively  impulBive  cases.  In  fact  they  must  be 
email  if  the  sonic  problem  is  not  to  become  one  of  unsteady  strong  shock  waves.  But 
even  with  abruptly  decelerated  low  perturbation  velocities,  the  acoustic  field  ie  very 
powerful.  An  acoustic  p re a sure  of  order fcV  ic  induced  by  the  sudden  tensioning  of  a 
membrane  when  its  ends  move  apart  with  speed  V  ee  the  kinetio  energy  of  the  induced 
flow  prior  to  deceleration  ie  converted  into  sound.  Extremely  high  acoustic  pressure 
transients  are  thna  formed.  The  partiolo  velocity  in  the  induced  wave  is  initially 
of  the  came  order  as  V.  Kernel  sound  waves  involve  very  low  velocity  levels.  A  velocity 
of  1  ft/sec  corresponds  to  a  sound  of  about  150  ffl,  so  that  it  ie  cosy  to  appreciate 
that  extremely  high  levels  of  sound  can  be  generated  aerodynamically  by  the  impulaive 
deceleration  off  bodies  moving  at  modest  speed.  Very  often  the  kinetic  energy  of  the 
body  is  also  dissipated  ae  sound,  passing  initially  into  a  mechanical  vibration  that  ie 
acoustically  damped.  That  mechanical  part  is  of  course  additional  to  energy  provided  by 
the  fluid  ffroa  its  initial  motion  provided  only  that  the  velocity  change  is  sufficient¬ 
ly  abrupt. 

The  analogy  between  impulsively  started  flow*  and  supersonic  motion  peat  thin 
bodies  is  of  course  a  familiar  one  in  aerodynamics.  In  fact  the  essential  linearization 
involved  there  can  be  described  aa  one  of  treating  the  perturbation  as  a  weak  impulse. 
Any  particular  fluid  particle  of  a  uniform  stream  at  speed  tr  1b  caused  on  ‘impact*  with 
the  body  to  a  acquire  a  transverse  velocity  u,  aay,  end  to  move  parallel  to  the  body 
surface  inclined  at  an  angle  6wu/tTto  tha  main  atreas  direction.  If  the  change  is 
sufficiently  abrupt,  and  It  ie  provided  the  flow  velocity  ia  much  greater  than  that 
of  aound  which  cannot  then  propagate  to  ware  the  approaching  fluid  of  imminent  change, 
that  change  is  effected  by  an  Impulse.  The  perturbation  velocity  u*Th9  ie  consequently 
part  of  a  wavs  field  in  which  the  pressure  rioaa  rou  or  rcE©,  a  familiar  feature  or 
linearised  supersonic  flow  m  which  the  pressure  is  determined  by  the  inclination  of 
the  flow  surface  to  the  mein  otraan  direction.  There  too  it  ia  common  experience  that 
the  energy  transported  away  from  the  source  by  the  wave  field  ie  of  the  same  order  as 
that  available  in  the  disturbed  flow. 

elexeate  of  a  reasonably  tractable  modelling  of  an  order  cate  efficiency  aero¬ 
dynamic  sound  production  process  are  therefore 

1}  weak  dioturtatsses  around  sources  ia  supersonic  convective  motion  and 

2)  weak  disturbance*  or  ah  abruptly  accelerating  motion. 

Beth  these  situations  can  be  examined  by  linearised  analysis  and  it  is  easily  shown  that 
they  are  quite  different  to  those  of  compact  aerodynamic  sources  in  several  important 
aspects,  some  of  which  ere  discussed  below,  Of  course  if  the  perturbations  about  tha 
seen  flop  ere  strong,  that  is  the  unsteady  velocities  rise  to  n**r  sonic,  or  ever, 
ecpersssiic  level*,  then  the  turbulence  is  mere  aptly  modelled  aa  «  random  collection 
off  shock  waves ,  it  is  then  pointless  to  eitespt  a  study  «ff  how  such  sound  that  turbu- 
lease  san  generate.  Setfcvr  should  enquire  ms  to  how  the  turbulence  was  generated 
by  the  co-eles£*nce  of  strong  shuck  saves,  such  st  sight  result  it  a  siren  driven  fey 
extremely  high  pressure  sir  which  i»  split  into  a  periodic  eeaesfelsge  of  shock*  fey  •• 
shuttering  action  of  tha  siren  dime.  That  problem  I#  obviously  com  in  which  the  feu '  > 
the  energy  in  stored  in  m  propagating  wave  field  that  eventually  escapee  free  th*  .  a 
ragiec  as  sound, 

Bose  Jftta,  particularly  high  powered  radiate  aa  irregular  rough  arise  often 
referred  to  a*  crackle’ ,  There  seams  to  fee  no  ehsarvwaie  distinction  between  the  noise 
apweti-ua  ef  a  crackling  Jet  sad  others,  and  the  precise  ccadi Uses,  necessary  for  the 
isprsseioa  of  crsckle  are  not  at  «U  sell  accused  ted,  Whether  or  s-H  model  Jets  crscxls 
Is  still  s  setter  of  debate  xsoesat  rweeurch  worker*  ex  is  the  entire  question  of  haw 
th»  phsaofcaece  css  fern  qtoati fled  sad  Uc  cause  isolated.  There  is  certainly  a  cosmos 
fceilsf  that  crack! *  is  en  attribute  of  supersede  Jets,  *M  *v*e  believe  it  to  be  the 
hsllaaj*  of  a  pefe-eatsd  Jat  flow,  but  t femes  beliefs  asms  to  have  no  convincing  fcuftdn- 
tlos  other  than  ia  the  fact  that  supersonic  ss»f»a*  -4  Jrts  often  do  crackle .  Tb*.  -j-fesco- 
ia  disiir.eiiv*  *ub ‘actively  and  stssm  feel  it  a  particularly  annoying  feature  of 
Jet  noise.  It  is  therefor*  important  sod  vary  likely  to  feature  in  future  rabies tiv* 
meesuree  of  sound.  My  parscoel  imetwmaioc  is  Ux*t  crackling  ia  due  to  particularly 


violent  pressure  transients  that  occur  irregularly  a  few  times  per  second.  Indeed  a 
careful  study  of  the  pressure  variation  at  points  where  oraekle  is  evident  has  Indicated 
extremely  large  transients  which  may  well  be  the  cause  of  crackle.  But  it  is  by  no 
means  clear  from  where  these  transients  originate.  They  liave  also  been  observed  in 
the  field  of  a  model  Jet,  though  there  the  impression  of  crackle  is  not  nearly  as 
distinct. 

The  experimental  observations  seem  to  be  as  follows.  The  distribution  of  pressure 
in  these  crackling  noises  is  such  that  there  1b  a  very  much  higher  probability  of  large 
compressive  pulses  than  there  is  of  rarefaction.  The  narrow  spiked  compressive  peaks 
occur  a  few  times  per  second  at  full  scale  and  contain  a  wide  spectral  distribution. 

They  in  fact  display  the  properties  of  a  non-linearly  steepend  wave.  Cn  the  other  hand 
the  negative  going  pressure  fluctuations  are  much  weaker  and  of  continuous  wave  form. 

The  spikes  are  narrow  enough  that  they  seem  not  to  contribute  significantly  to  the  ener¬ 
gy  of  the  sound,  but  that  aspect  is  still  a  little  confused  since  the  tranalenta  are 
large  enough  to  cause  significant  non  linear! ties  in  the  response  of  normally  operated 
acouetic  recording  apparatus  end  may  well  hr.ve  been  imperfectly  reuroduced  in  the  sub¬ 
sequent  analysis.  These  experimental  observations  are  therefore  unconfirmed  in  detail 
but  there  can  be  no  doubt  that  the  positive  spiky  transients  exist  in  some  degree,  and 
it  is  interesting  to  speculate  regarding  their  origin.  Por  this  the  acoustic  analogy 
is  not  really  helpful,  nor  Indeed  are  any  of  the  schemes  that  lead  back  to  a  pinpointing 
of  the  source  in  some  turbulence  notions  only  the  statistics  of  which  one  could  reason¬ 
ably  expect  specified.  These  large  transient  must  originate  in  a  particularly  effective 
discrete  event,  and  for  the  reasons  already  outlined,  that  event  is  likely  to  be  one 
in  which  the  flow  displays  a  distinct  supersonic  phase  speed  or  adjusts  to  a  new  con¬ 
dition  particularly  abruptly.  The  latter  is  the  more  appealing  since  that  would  not  only 
account  for  the  high  amplitude  of  the  Bpikes,  it  would  also  fit  in  with  the  relatively 
short  duration  of  the  dbserved  pressure  peaks.  But  how  can  such  transients  occur  and 
why  are  they  inevitable  compressive?  Some  characteristic  non  linearity  ip  evident. 

Non  linear  propagation  could  not  distort  the  distribution  about  the  mean,  since  the 
convective  steepening  is  equally  effective  for  both  positive  and  negative  pressure  per¬ 
turbations.  The  peaks  are  certainly  big  enough  to  suffer  distortion  during  passage  to 
traditional  sound  measuring  stations  but  that  is  in  this  context  a  side  issue,  since  it 
cannot  begin  to  explain  their  origin.  Neither  can  their  predominantly  compressive 
structure  be  explained  by  a  weak  transient  source  sotion,  which  are  all  just  as  likely 
to  generate  expansive  pulses  as  they  are  compressive  wavea.  Their  orlc.  n  is  more  likely 
to  lie  In  strongly  non  linear  motion  where  convective  steepening  at  the  source  flow 
concentrates  Bhocka  into  intense  propagating  wavea  while  associated  unsteady  expansions' 
tend  to  disperse.  There  are  several  possibilities  for  such  violent  but  infrequent 
tranalenta. 

The  mixing  flow  la  a  chaotic  bundle  of  vorticity  which  is  continually  becoming 
more  convoluted  as  the  turbulence  cascade*  to  smaller  scale.  The  velocity  field  strains 
this  turbulence  deforming  the  vortex  line*  end  occasionally  the  strain  will  be  such  as 
to  straighten  an  initially  buckled  line.  Further  strain  in  the  direction  of  the  vor- 
tieity  muat  apis  up  the  vortex,  and  daaand  work  from  the  straining  motion  on  which  it 
therefore  exerts  a  tension.  The  abrupt  tensioning  of  such  a  vortex  line  might  well 
provide  «n  impulsive  source  of  sound. 

Non  linear  Halts  on  tn  instability  wav*  sight  al—  set  sufficiently  rapidly  that 
the  change  is  impulsive  and  thereby  an  extremely  efficient  source  of  radiation.  The 
assn  jet  flow  ia  certainly  unstable  to  small  disturbances  which  grow  presumably  until 
their  amplitude  is  big  enough  that  the  waves  break  into  harmonies  or  a re  simply  arrectei 
Beth  limiting  processes  might  act  ersoe  tn<*  panic1*  displacement  is  *  suable  fraction 
of  either  tha  jet  disaster  or  of  the  instability  wavelength.  Cne  eight  expect  therefore 
instability  waves  to  be  fed  gradually  from  the  mean  flew  and  to  shed  energy  as  their 
asplttuds  is  arrested,  tfc*  efficiency  of  that  radiation  process  depending  entirely  cn 
the  us*  eerie  over  which  the  change  occur*.  The  mechanics  or  the  deceleration  might 
veil  b«  in  fact  that  ths  aur rounding  potential  flow  builds  up  a  compressive  wave 
sufficiently  siren#  to  atop  the  growth.  That  view  ia  suggested  from  observations  of 
s  r hallow  «st»r  layer  kt  generating  surface  waves  m  s  close  ar.dogy  with  the  aero¬ 
dynamic  sound  prcfclefe  iff  owe*  «n4  hawkings,  195?$  Nebeter,  1*70;  Pfowcs 

Willises,  l$fQ).  Tha  main  jet  flow  Ib  aotfetlses  observed  to  hackle  and  in  doing  so 
sheds  powerful  surface  waves  that  raiiits  tr  ay  from  the  flew.  (3.1.  Taylor  has  painted 
to  the  analogy  of  low  Rsynolda  number  jet  flow  stability  ... ; '-ri3  with  then*  of  the 
Selef  strait  to  buckling  load*.  The  main  body  of  the  turbulent  jet  sight  be  regarded  eu 
Reynold*  r-u*ts?  tn  the  sense  that  turbulent  diffusion  transport*  aratentu*  laterally 
ea  effectively  aa  would  *  high  vieoeu*  airess,  and  the  aean  flew  might  well  display  th* 
sane  stability  properties  *e  the  low  Keynalisnuabe?  laminar  Jet,  Indeed  the  shells* 
water  jet  buckles  to  generate  ws.vsa  very  effectively,  and  .ue  seme  ia  probably  true  of 
the  turbulent  air  jet  -  though  it  will  be  »e*e  tine  yst  before  experiment*!  techniques 
can  ceafini  or  disprove  that  hypothesis. 

Crow  arid  Champagne  (197©)  SaacrlbB  tha  coalescence  of  waves  into  an  abruptly  fera- 
'  vcriaX  puff’  in  another  process  that  would  inevitably  lead  to  effective  sc-jjid 
generation.  Again  if  this  occur*  oo  a  Use  seal*  am* Her  than  that  required  for  sound 
to  errs*  ih*  4i«tur%*3  flea,  the  wound  induced  la  best  regarded  aa  a  direct  propa¬ 
gation  if  the  abruptly  pace  rated  pressure  late  sound. 

All  of  these  motion*  ere  probably  too  cceplex  for  quantitative  analytic  aoiellisa 
but  thay  *«M  to  &e  to  be  plausible  enough  that  thay  fore  the  basis  for  locating  the 


o'Aipcc  of  especially  violent  and  significant  waves,  and  should  therefore  he  at  least  the 
subject  of  debate.  It  seems  certain  that  quantitative  modelling  of  unateady  flows  will 
remain  intractible  for  some  time  yet  to  all  but  the  technologically  trivial  srruroes.  If 
real  Jet  flows  are  to  be  discussed  at  all  that  discussion  will  be  confined  as  in  the 
foregoing  to  speculative  but  plausible  qualitative  argument.  But  the  idea  that  clues  can 
be  obtained  by  considering  abrupt  changes  aa  the  essential  ingredient  for  sound  pro¬ 
duction  in  the  opposite  extreme  to  that  well  modelled  by  the  acoustic  analogy  for  ooo- 
pact  sources  seems  helpful. 

Formally  of  course  the  acoustic  analogy  can  be  extended  into  the  non-compact  re¬ 
gime  but  the  task  of  specifying  the  source  properties  can  rarely  be  divorced  from  that 
of  solving  for  the  entire  field.  The  interaction  of  the  sound  with  mean  flow  gradients 
has  to  be  considered  and  useful  steps  continue  to  be  made  though  the  modelling  there  is 
often  too  complex  to  give  clear  trends.  The  work  of  Phillips  (i960)  developed  by  Lilley 
(1964)  and  Pao  show  the  emergence  of  ray  theory  in  the  asymptotically  non-compact  case. 
Again  there  the  energy  in  the  wave  is  to  be  determined  locally  and  calls  for  a  detailed 
modelling  of  the  flow  at  the  source,  a  problem  that  eeems  inextricably  tied  to  that  of 
compressible  turbulence, (Crow,  1966;,  However  the  tendency  for  waves  to  radiate  in  the 
Mach  wave  direction,  for  their  scale  to  be  dictated  by  eddy  length  scales  at  high  speed 
rather  than  by  eddy  frequencies,  and  for  the  wave  strength  to  increase  in  proportion  to 
the  eddy  lifetime  are  all  predictable  (Ffowcs  Williams,  1963)  and  seem  in  general  acoord 
with  experiment. 

The  analogy  has  also  been  extended  to  include  surface  effects  at  high  Bpeed  (Ffowcs 
Williams  and  Hawkings,  1969)  and  to  treat  shock  wave  sources  in  a  definite  way  (Peraaeat, 
1973) .  But  this  work  has  yet  to  be  applied  directly  to  the  important  practical  problem 
of  noise  generation  by  supersonic  fans  for  example  -  though  it  is  undoubtedly  relevant 
to  that  problem.  The  obvious  predictions  of  that  theory  indicate  an  important  change  in 
the  physical  source  process  at  high  speed.  For  example,  it  is  the  unsteady  blade  loads 
that  generate  the  whine  of  low  Mach  number  turbomachinery  -  but  they  can  be  Bhown  to  be 
utterly  irrelevant  at  high  Mach  number,  where  surface  pressure  radiates  away  from  the 
source  in  a  manner  independent  of  the  instantaneous  integral  of  that  pressure  which 
determines  the  blade  loading.  It  ia  only  when  this  and  similar  points  have  been  properly 
appreciated  that  real  progress  can  be  made  towards  the  minimisation  of  supersonic  rotor 
noise  at  source.  This  is  an  area  deserving  of  detailed  and  careful  analyaiB, 
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It  was  just  over  ten  years  ago  that  AOSRfi  organised  in  this  city  a  Specialist 
Meeting  on  the  Mechanism  of  Noise  Generation  in  turbulent  flow.  It  was  then  ten  yearn 
since  Lighthill's  pioneering  papers  had  given  the  subject  a  sound  theoretical  footing. 
The  highlight  of  that  Meeting  was  Lighthill’s  presentation  of  the  jet  noise  lecture  he 
had  given  to  the  American  Institute  of  Aeronautics  and  Astronautics  as  the  1963  Wright 
Brothers  Lecture.  There  he  described  how  his  general  theory  had  bean  extended  to  high 
supersonic  speeds  and  how  it  had  been  compared  in  detail  with  experimental  measurements 
of  jet  noise.  That  comparison  seemed  very  satisfactory. 

In  1954,  Lighthill  had  assumed,  without  conclusive  experimental  evidence,  that  sound 
producing  turbulent  eddies  in  a  jet  flow  would  be  convected  downstream,  and  that  eddy 
convection  would  have  a  pronounced  effect  on  the  noise  characteristics.  It  would  tend 
to  amplify  the  aound  radiated  downstream  and  attenuate,  though  to  a  lesser  extent,  the 
upstream  aound  (Figure  1).  Figure  13  of  Lighthill’s  lecture  compared  the  predicted 
directionality  resulting  from  eddy  convection  with  that  measured  on  nodel  air  jata. 

There  was  no  doubt  that  eddy  convection  was  a  real  effect  arid  papers  by  Wills,  Bradshaw, 
Ferris  and  Johnson,  Kolpin  and  Hollo-Christensan,  ell  presented  at  the  Specialist 
Meeting,  provided  axtromely  comprehensive  documentation  of  the  variation  of  eddy 
convection  speed  with  jet  condition*  and  position  ia  the  flow. 

Eddy  convection  In  oca  are a  tha  acoustic  output  of  turbulence  above  the  basic  8th 
power  law.  Lighthill  in  hi*  figure  15, (Figure  2)  shewed  that  experiments  indicated 
doss  agreement  with  the  6th  power  law,  an  agreement  that  ha  argued  was  dte  to  two 
competing  effects.  Tbs  amplification  caused  by  eddy  convection  eoaspeneated  exactly 
for  the  tendency  for  turbulence  to  become  relatively  less  intense  with  increasing  jet 
Haeh  number.  In  fact,  Lighthill  said,  without  the  convective  aasplificatien  the  basic 
depends*  ,e  of  jet  on  velocity  is  closer  to  the  5th  power  than  the  Sth,  Where 

convective  aaylifiuhuicn  is  absant,  at  SO  degrees  to  the  jet  axle,  the  neesured 
velocity  dependence  is  the  esperimaatal  date  theft  iyeiishle,  was  closer  to  six  then 
eight. 

Lighthill  concluded  file  lecture  on  the  . sot*  that  .the  theory  re<juir<ad  very  little 
modification  to  account  for  most  of  the  e^>erimeat»Uy';«s*ur»d  featurws  of 
Noie*  wee  caused  by  turbulence  a fid  msaauiaaeflfc*  in  the  sound  producing  rations  of  the 
subaonle  jet  indicated  that'  the  poeitioo  y««  that  deploted  in  hie  figur-t  6  (Figure  3J, 
Eddies  that  are  thin  in  coepariaoo  With  the  sis*  of  the  shear  Pets*  soupd  to  be  ■ 

generated  mt  a  cmn'twt  ret*  per  unit  length  of  the  early  jet  saxing  regie*,  ia  the 
fully  devalued  jet  the  ecouatic  output  per  uait  length  of  jab  sce&uc  on  the  -iamtf* 
eth  power  of  distance  from  the  hotutie.exih. . 

Lighthill'*  lecture  •  was  the  Obiy  oae  devoted .W '&&£***&  Jkeb 

Meat  lag  held  here  tan  y«*r«  *50.  Share  seamed  to  h*  o  .osRew&cftJS-  that  Mf&aiiiS**.  theory 
had  providad  the  last  word  on  jet.  /noise  tie  it-Me  now  -pp  to  the  ***}«  '  to 


measure  and  understand  and  chance!  the  turbulence  stress  tensor  identified  as  the 
source  sound.  Since  very  little  is,  or  probably  ever  will  be ,  known  about  turbulence 
that  was  rather  a  depressing  point  of  view,  indicating  that  a  general  reduction  in 
exhaust  speeds  was  the  only  reasonable  method  of  jet  noise  reduction. 

Two  voices  put  a  slightly  different  view.  Professor  Mollo-Christensen  regarded 
the  attempts  to  make  the  noise  fields  different  front  axiaysenetric  as  a  promising  avenue 
for  further  work.  Zn  view  of  what  you  will  hear  of  the  development  of  the  Concorde 
silencer  this  remark  seams  somewhat  prophetic,  as  do  some  of  Alan  Powell's  statements 
on  that  occasion.  He  was  advocating  then  that  the  basic  elements  of  sound  generation 
might  well  be  modelled  effectively  by  considering  extremely  simple  unsteady  flows, 
such  as  thosa  produced  by  the  mutual  interaction  of  concentrated  vortices.  He  also 
made  the  point  that  flow  instability  was  at  the  root  of  aerodynamic  noise  sources.  He 
said  that  the  mean  flow  instability  is  the  cuase  of  flow  breakdown  into  noise  producing 
turbulence  and  also,  that  unstable  flow  is  capable  of  amplifying  any  sound  with  which 
it  interacts. 

Much  of  the  development  in  the  laefc  ten  years  has  been  along  those  lines.  And  a 
great  deal  has  happened  in  that  ten  years,  not  the  least  of  which  is  the  evolution  of 
the  von  K&^un  Institute  out  of  the  training  centre  for  experimental  aerodynamics! 

On  the  aircraft  noise  front  the  biggest  change  has  been  brought  about  by  the 
engineering  feasibility  of  large  by-pass  ratio  engines  which  exhaust  far  less  kinetic 
energy  per  lb  of  thrust  than  their  p'.ire  jet  counterparts.  This  led  to  a  natural  de- 
emphasis  of  jet  noise  and  a  significant  improvement  in  operating  economical 

But  ir.  the  last  ten  years  aircraft  noise  has  become  a  very  much  more  important 
issue  and  is  now  one  of  the  dominant  design  features  for  new  aircraft  types. 
Certification  rules  hava  been  introduced  to  control  their  noise  and  there  is  every 
indication  that  technology  will  allow  a  realistic  tightening  of  those  regulations  and 
might  even  lead  eventually  to  the  elimination  of  the  aircraft  noise  nuisance. 

The  study  of  jet  noise  went  into  a  decline  about  ten  years  ago  as  the  emphasis 
moved  onto  the  new  noise  sources  in  the  high  powered  turbo-machinery  of  the  large  fan- 
jet  engine*  That  machinery  la  contained  within  a  cowling,  so  that  there  is  opportunity 
to  absorb  the  sound  before  it  to  the  surrounding  atmosphere.  The  development 

of  surface  coating  materials,  with  good  sound  absorption  properties  whan  mounted  in  an 
engine  auvirstnBsnfc,  has  been  on*  of  the  major  recent  advances.  This  step  alone  is 
capable  of  reducing  the  turbo-machinavy  nuiue  of  an  aircraft  by  between  10  and  20 
decibels,  sufficient  ia  feet  to  reveal  the  previously  hidden  jet  noise.  Even  with 
these  tms  faa  jet  aagieae#  further  silencing  is  dependent  on  control  of  jet  noise, 
this  time  from  jets  with  *  relatively  low  jet  velocity. 

the  last  ten  tears  also  there  has  bean  an  enormous  investment  in  the  long  range 
transport  fleet.  *1$*  •.  incre-fesing  pressure  to  alleviate  the  npice  nuisance  has  led  to 
. «  search  for ’swaa*  of  :JSupg>re*eittg  the  aoia*  of  the  first  generation  lev  by«paa»  ratio 
jets,  -this  -tom  led  to  a  r***aaioha*is  of  jet  noise,  still  a  major  feetuxe  of 
-those  e&fisMMs  -%i  tahs-off  power,  fits  need  here  is  to  devise,  ices  siieaeer  that  can 
added  to  etdisti*?  aircraft,  By  controlling  their  noise,  the  benefits 

oc  the  quiet  eew>t«ch&ology  edgiuae  might  be  feit  before  the  older  aircraft  ate 
eventually  ffc*e«d'«ife  of  service* 

fcct-tfc*  biggs* t  apart  by  far'  t&  .bha  j*t  spies  control  field  has  coaae  with  the  advent 
of  the  *&&**&&■  -that  beeSa  *  high  exhauat  velocity,  high  specific 

theuat  aegrfta.  «*»  hinaciu  eaeirgy  abaalor.ad  ie.tfce  exhaust  f  low  cf  a  typical  supersonic 
transport  duriad  taisaHaff  is  or-aoeir  as  that  lost  if  «  large  coaaa  liner  .ware  to  fall 
mOtl 


A  great  deal  has  happened  too  on  the  fundamental  aide  and  the  picture  as  we  now 
understand  it  ia  quite  radically  different  from  that  depicted  by  Lighthill  ten  years  ago. 
In  addition  to  those  sources  well  modelled  by  the  1963  status  of  his  theory  there  are 
new,  then  unexpected,  features  which  we  now  see  ae  being  crucial.  Also  it  now  teams 
that  soae  of  the  data  used  by  Lighthill  ae  a  basis  for  checking  the  theory  was  misleading 
particularly  regarding  the  sound  measured  at  90  degrees  to  the  jet  axis;  Modern  ~ 
experiments  are  performed  with  cleaner  aerodynamic  flows  and  better  equipment  than  they 
were  tan  years  ago  and  there  seems  now  to  be  no  doubt  that  the  noise  at  90°  to  the  arts 
of  a  jet  emerging  from  a  steady  reservoir  scales  on  the  8th  power  of  velocity,  in  precise 
agreement  with  the  basic  form  of  the  Lighthill  theory  (figure  4) .  Zt  seems  therefore 
that  those  aspects  of  the  turbulence  responsible  for  the  generation  of  noise  do  not 
lose  their  relative  strength  with  increasing  jet  Mach  number.  The  reason  why  the 
radiated  acoustic  energy  scales  so  closaly  on  the  8th  power  of  velocity,  dispite  the 
amplifying  effect  of  convective  eddy  motion,  ia  conclusively  shown  by  Lush  to  be  due  to 
a  basic  breakdown  of  that  convective  amplification  at  high  frequencies  close  to  the  jet 
axis.  The  simple  predictions  of  the  convective  quadrupole  theory  are  not  found  there. 

The  frequency  of  the  eddying  motion  and  of  the  sound  it  generates ,  should  increase  in 
proportion  to  jet  velocity.  Also,  because  of  eddy  motion  the  sound  heard  ahead  is 
further  increased  in  frequency  by  the  Doppler  effect  which  is  at  its  greatest  in  the 
direction  close  to  the  jet  axis.  But  a  close  examination  of  the  experimental  data  led 
Lush  (figure  5)  to  point  out  that  this  was  quite  contrary  to  experience,  though  at  90° 
to  the  axis  the  spectrum  showed  the  predicted  Strouhal  dependence  on  velocity  (figure  8). 
Lush  concluded  that  tha  sound  radiated  at  90°  waa  of  pure  Lighthillian  origin  but  that 
other  effects  neglected  in  the  simple  modelling  must  be  dominant  at  high  frequencies 
close  to  the  jet  axis.  In  fact  Lush  found  himself  agreeing  with  Csanady’s  point  of  view 
that  convective  amplification  becomes  irrelevant  for  those  sources  sufficiently  embedded 
in  o  flow  relative  to  which  they  do  not  cbavect,  Whenever  a  moving  source  is  shielded 
by  a  wave-length  or  ao  of  Moving  fluid,  its  radiation  is  determined  in  the  local 
environment  relative  to  which  it  1*  static  and  is  quite  different  from  that  radiated  by 
«  moving  eddy  in  a  static  acviron»ant. 

Convective  quadrupole  theory  predicts  that  the  sound  radiated  close  to  the  jet  axis 
should  tend,  with  increasing  jet  speed,  to  increasingly  high  frequency  whan  measured 
relative  to  that  at  90°  which  is  immune  from  tha  Doppler  effect.  Lush  shewed  that 
this  prediction  is  tha  exact  opposite  of  tha  trend  he  measured  expe^imsetaily  (figure  7). 
Part  of  the  reason  for  this  is  that  there  are  at  least  two  identifiable  sources  of  jet 
noise  one  of  which  radiates  at  higher  frequency  to  high  angle*.  Both  these  sources  will 
no  doubt  ba  subject  to  refraction  and  this  process  has  bean  quantified  by  Hibaer, 

But  for  effective  refraction  the  sources  must  be  embedded  within  the  basic  jet  flow  ana 
the.  sound  must  propagate  across  .the  shear  layer,  •  St  is  difficult  to  satisfactorily 
reconcile  the  conflicting  requirement*  on  source  location  for  both  eoavecfcivw 
amplification  and  refraction  to  occur  simultaneously.  For  one  the  source  must  be  deap 
iaeida  tha  leyer  so  that  the  sound  propagates  out  aescs*  the  gradient,  and  foe  tha  other, 
th*  source  fcuat  fee  to  direct  contact  with  .the  ambient  medium  so  that -.the  field  4* 
effectively  that  generated  by  *  source  travelling  through  a .  uht  fore  static  environments 

it  wan  about  tea  years,  ego-  that  a  eefeond'  important  dowse#  of  ' jetji&bise  res  first, 
recognised,  '  practical  jot  pipe  floe*  are  tarbnlsSit  and  ih*t:iujd^e»c*  mat  Induce,  an  ■ 
unsteady  eras .  flow  .through  the  ooxsl*  ana  an  unsteady  -thrust*'  -  T&x  is*1  frequency-'  setmd, 
that  is  aouhi  with  wavelength  long  ia  bcapar iana'  with  .the  noaaie  'diameter;,  the 
equivalent  mcnoooles  and  dipoles  associated-  with  effects  are  .Sore  efficieact  than 
the  jet  quadrupede*  and  one  would  expect  them  to  the  radiation  field,  "  itfiaae 

the  ratio  of  source  eoale  to.  i£srw6e^'>ith 

aoaele  based  score**  neat  be  duumaat  at  law '  thin  idee  we*  etudieti  .'. 


experimentally  by  Gordon.  X  reproduce  hare  {figure  8)  his  experimental  curve,  published 
in  1964,  showing  how  the  basic  jet  noise  is  supplemented  by  a  dipole,  and  eventually 
a  monopole,  which  takes  over  at  sufficiently  high  jet  pipe  tu&utence  levels.  It  seems 
new  that  tha  sixth  power  velocity  dependence  of  the  noise  at  90°,  quoted  by  high thill 
in  the  Wright  Brothers  Lecture,  was  generated  by  such  an  additional  noise  source.  It 
was  not  until  sufficiently  smooth  jet. exhaust  flows  were  studied  that  the  basic  jet 
mixing  noise  was  observed  in  the  relatively  quieter  regions  of  the  jst  noise  "field. 

This  noise,  additional  to  the  jet  mixing  noise,  tends  now  to  be  called  the  excess 
noise  and  is  the  area  on  which  much  of  the  recent  jet  noise  research  has  been 
concentrated.  This  is  because  it  is  the  principal  noiae  of  the  modern  low  specific 
thrust  engine  and  becuase  it  is  also  a  dominate  feature  of  the  high  specific  thrust 
engine  at  some  important  operational  conditions.  Jet  mixing  noise  is  highly  attenuated 
by  a  flight  reduction  in  relative  jet  velocity..  Also  jet  mixing  sources  do  seem  to  be 
amenable  to  novel  suppression  methods,  and  even  the  static  noise  field  of  some  high 
velocity  jets  appear  to  be  dominated  by  sources  other  than  jet  mixing. 

The  tern  excess  noise  of  course  covers  a  multitude  of  sources,  in  fact  anything 
additional  to  that  thought  to  be  associated  with  jet  mixing.  Unsteady  combustion 
processes  and  random  turbulence  within  an  engine  are  potential  sources  of  sound.  They 
should  be  amenable  to  absorption,  and  jet  pipe  sound  attenuating  liners  are  becoming 
standard  items  of  noise  control.  The  turbulence  interacting  with  the  norsle  to  cause 
unsteady  variation  of  mass  flow  and  momentum  is  not  so  easily  controlled.  Neither  are 
the  mechanics  of  sound  production  easily  understood.  In  the  practically  important 
regimes  the  Mach  number,  the  parameter  asaumed  small  in  the  theoretical  modelling, 
is  barely  small  enough  to  make  the  modelling  relevant. 

But  even  whan  the  model  is  relevant  the  problem  is  not  straightforward.  2  have 
mentioned  how  turbulence  can  cause  an  unsteady  variation  of  wavs  flow.  But  in  fact 
the  mass  flow  will  only  vary  if  the  fluid  inside  the  jet  is  sufficiently  compliant  to 
allow  the  internal  volumetric  change  necessary  to  satisfy  the  unsteady  outlet  condition. 
When  this  problem  ie  worked  out  in  detail,  it  is  seen  that  the  monopole  is  essentially 
weak  and  the  theoretical  indications  are  that  it  radiate*  a  sound  proportional  to  the 
eixth  power  of  velocity  sad  not  the  fourth  that  it  associated  with  uncaaetrainad 
aerodynamic  tsonopoles. 

But  •  lower  velocity  dependence  than  six  is  certainly  a  feature  of  tha  experimental 
data,  and  this  has  led  to  a  substantial  theoretical  search  for  more  efficient  sound 
generating  xachanteus  associated  with  the  interaction  of  flow  with  euurfewrt.  of  the  type 
that  might  model  «  jet  exhaust  structure.  This  sow  is  an  entirely  o«w  development  frost 

but  it  seat*  firmly  on  Lighthill^n  theory*  The  work,, 
ie  aimed  at.  understanding ~ haw  the,  radiation,  of  quadrupoi**  is  iui'Xuaacwd  by  the  proximity 
of  boundary  surfaces.  It  fcawbeooam  clear  that  the  interaction  of  turbulence  with  the 
sharp  edge  of  a  rigid  scream  account*  for  a  very  eubataatiei  edditiUBai  sound  source. 
Crightoe  sol  Lcppiegtco  have  shomc  that  this  process  does  act  depund  co  the  detailed  ’edge 
geometry  tut  rather  m  the  wxi^bsaoe  of  «  large  bappiagtoo  has  also  -abee*  that 

this  source  survived.  the  presence  of  «  twcocd  soxwen:,  thus  modaUiag  the  exhaust  .front  a 
two^ihsar local  .duct,  hue  it  is  act  found  near  .She  opening  of  a  parallsl  circular  pips* 
Tftasa  the'  adgw.suattesiiM; ’eachaniss  acco^st*  'ioc'  th*  producticu  cf  sound  which  scale*  m 
'  the  sixth  power  of  jet  velocity,  in  tvs*  that  sound  s'*  squivaianfc  to  an  unstaeiy  nossle 
based  dipole,  auppiatmuat*  ay  an  eeaentiolly  wester  tecmupole,  representing  the 
obL^taafcly.  driven  unsteady  «*s*  flux  Code  the  system. 

As  .part -of  this  theorsti'uSl  sto#  ■»¥!»(»' poodupefi  a  theery  of  diffraction  rndintion 
ia  which  as  described  the:  round  radiated  by  *.  steady  moacpol e .  dipole-  or  tjuadrupoio  ■  ■ 
aoviay  ueaformiiy  with  subsonic  xfrssd  -  .i»  tha  aiwNrp.ee  of  a 


acafetarer  ths  steady  non-pulsatile  source  generates  no  radiated  Staid.  Levina  showed 
that  all  the  potential  energy  stored  in  that  part  of  the  field  subjected  to  the  influence 
o£  the  edge  was  in  feet  transformed  by  the  scattering  process  into  a  radiating  wave.  These 
seens  no  dodbt  therefore  that  turbulence  near  sharp-edged  scattering  surfaces  rspresente 
a  potentially  efficient  source  of  sound  production. 

How  all  the  problems  X  have  described  so  far  ignore  any  interaction  of  sound  with  the 
mean  flow  and  its  gradient.  Such  interaction  has  aleo  been  subject  to  substantial  recent 
theoretical  activity.  That  work  is  not  based  on  the  Lighthili  model  but  rather  it  seeks 
to  describe  with  analytical  precision  the  detailed  structure  of  particularly  simple 
perturbations  of  a  nodal  jet  flow.  That  flow  is  of  course  unstable,  end  if  perturbed, 
disturbance*  will  grow  on  the  jet  and  generate  noise.  Its  amplitude  is  uncontained  on 
linear  theory*  Such  instability  waves  can  provide  explicitly  defined  unsteady  flow  who's 
interaction  with  simple  scattering  sdr faces  is  amenable  to  analysis.  Crighton  has  studied 
the  problem  of  sound  generation  by  an  unsteady  shear  layer  shod  from  a  sami-lnfinite  screen 
that  initially  separatee  the  two  flower  aleo  from  a  semi-infinite  duct  modelling  a  jet 
pipe.  This  time  the  radiated  sound  le  influenced  by  conditions  at  the  sharp  edge  and 
Crighton  has  shown  how  the  scattering  efficiency  is  increased  by  the  imposition  of  a  Kutta 
condition  at  the  nossle  boundary.  The  velocity  dependence  of  the  sound  field  is  as  low  aa 
three  in  some  cases.  In  that  work  Crighton  has  argued  that  even  if  the  emerging  nossle 
flow  were  to  start  off  smoothly,  fhs  instabilities  in  the  jet  would  eventually  act  back 
on  t*-"'  nossle  and  drive  in  it  an  unsteady  exhaust  flow.  The  radiated  Bound  so  produced 
is  described  by  the  unsteady  mate  and  momentua  flux  induced  at  the  nossle  by  the  shear 
layer  disturbances. 

Looking  beck  on  the  1963  Meeting  it  is  remarkable  how  close  this  development  parallels 
the  thoughts  then  expressed  by  Alan  Powell.  Instabilities  are  shown  to  be  important  as  ia 
the  insight  to  be  gained  by  examining  in  detail  thoee  unsteady  flows  sufficiently  simple 
to  admit  analytic  description.  At  that  Meeting  Powell  had  suggested  that  the  sound 
radiated  by  a  pair  of  spinning  vortices  wa*  one  such  treatable  flow  and  he  outlined  a 
calculation  indicating  how  their  sound  sealed  Ott  the  eighth  power  of  velocity.  Four 
years  liter  ,  Muller  and  Obenaeier  analysed  this  problem  by  the  method  of  matched 
«*yw?to*ic  expansion.  That  scheme  offers  aa  alternative  analytical  approach  to  the 
Lighthili  formalism.  They  found  that  that  sound  did  not  scale  on  the  eighth  power  of 
velocity  but  pa  the  seventh  sad  this  seventh  newer  was  shown  letsr,  by  the  Lighthili 
method,  to  be  a  general  law  describing  two  dinaasionsi  aerodynamic:  sound.  It  has  been 
shown  since,  that  the  one  dimension*!  raoistion  generated  by  turbulence  scales  on  the 
•irth  power  of  velocity..  This  would  be  the  field  radiated  in,  for  example,  a  long  pipe 
by  coataiftad  turbulence  at.  sufficiently  low  Mach  auafeer.  Hut  the  two  dimensions!  problem 
has  more  relevance  in  that  it  the  of.  surface  waves  so  a  shallow 

layer-  of  -water  .excited-  by  uhstoody  flow,  this  makes  noe^lole '  the  sirauletioa  of  earo- 
dynaatc  noise  scores*  ia  an  easily  risuoUcod  wets*- table  agel-cgum. 

She  advent  of  Ou^sosda  and  ths  researrh  cce&issive<*i  by  the  Anglo-French  teas  has 
throws  view  emphasis  on  jets  with  extremely-  high  oxhauat  velocities »  The  exhaust  speed 
of  the  Coacosd*-  jet-  .-at  ****-<>*£  r.itt-emia  fey large  factor  those  jets  that  have  been 
extensively  studied  ib 'gteivetr'sit^  Laboratories.-  Such  speeds" -are  only  obtainable  with 
hot  jets  not  readily  sveiiabta  in  the  tridiMoeal  oedtres  pt  jefc.wois#  research,  - 
Gai varsity  worter's  w*r*  tbnrsfcx*  e&ooursged  h?  -oo-op^sstm  with  the-  indue  trial  teeaw 
i*»--a  e4M*<cb,*pe  *  bww  jvc's^se--saeprebsioft  cemeept.-.^  this  study  tvs*  led' to  seme 
departure  pf  our  current  modslHil^  of-  high-  speed  -  jet  ecurceX  Sro*  those -described'  by 
Lighthili  in  tbs  slight  tootle* Tbw':j«t':»p^  ie-^ficiehtiy  hi^t  that '  -. 

-the  mixing-  layer  rntdise  coaveOfc  dovwstx-uam  faster  'chan,  th*  spead  'of  -  sbued.  i*  the 
.  ambient  -mediem  foe  ut  ieest  16  disasters  of  the  'flow,  -  tbs  -eouoe  -tawfstwd  by  -sues  addles 
teals  to  oaiinct  iu  the;  dpiarof '-^eiU-.-^^a  shacfcnthat  saWLUlS.'  awtrf; teem  ta*  jet,  ■ ' 
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principally  in  the  direction  of  the  eddy  Kaeh  angle.  The  scale  of  the  sound  wave  is 
exactly  the  same  as  the  scale  of  the  eddy  that  produced  it,  so  that  it  is  possible,  by 
observing  the  directionality  and  frequency  content  of  the  distant  sound  field,  to  infer 
the  convection  speed  and  scale  of  the  dominant  sound  producing  eddies.  This  work  was 
reported  in  the  Journal  of  Fluid  Mechanics  in  1970.  It  has  been  found  that  the  main 
noise  sources  of  the  unsuppressed  circular  high  speed  jet  lie  some  ten  to  fifteen 
diameters  downstream  of  the  nozzle,  in  eddying  motion  whose  scale  is  about  twice  that 
of  the  local  shear  layer  thickness.  Evidently  noise  is  not  generated  by  the  main 
energy  containing  eddies  but  by  the  more  deterministic  large  eddy  structure  that  may 
nail  be  far  more  amenable  to  control.  That  interpretation  is  quite  different  from  the 
one  made  by  Lighthill  (figure  3)  based  on  low  speed  measurements  of  jet  turbulence,  and 
in  fact  leads  to  the  de-emphasis  of  the  importance  of  the  bulk  of  turbulence  as  a  source 
of  noise.  It  also  leads  one  to  speculate  as  to  the  possible  origin  of  the  very  large 
scale  eddying  motion.  Many  now  believe  them  to  be  the  early  instability  products  of 
the  mean  flow,  which  eventually  break  up  to  form  the  chaotic  turbulence.  This  view  leads 
one  to  suppose  that  their  characteristics  might  well  be  similar  to  those  of  the 
principal  jet  instability  node,  the  jet  being  regarded  as  a  low  Reynold’s  number  laminar 
flow.  The  mean  velocity  distribution  is  certainly  very  like  that  in  a  low  Reynolds 
number  laminar  flow,  the  role  of  the  turbulence  being  to  diffuse  momentum  in  a  manner 
effectively  equivalent  to  a  high  molecular  viscosity.  We  continue  the  analogy  further 
and  seek  now  the  origin  of  the  large  scale  sound  producing  eddies  in  the  instability 
of  the  equivalent  low  Reynolds  number  laminar  flow.  G.I.  Taylor  has  shown  that  such 
instability  has  much  in  common  with  the  instability  of  the  Euler  strut.  he  has  drawn 
the  analogy  between  the  compressive  buckling  of  a  strut  and  the  buckling  of  a  low 
Reynolds  number  jet  column.  G.I.  pointed  out  that  it  is  easy  to  experiment  with  this 
flow;  one  does  it  every  time  honey  is  allowed  to  drop  off  a  spoon  onto  a  slice  of 
toast!  The  column  oscillates  on  impact  with  the  toast.  Those  oscillations  are  the 
instabilities  of  tha  primary  jet. 

WO  can  look  to  the  shallow  water  analogue  for  a  simulation  of  this  affect  and  I  show 
you  here  (figure  9)  a  photograph  taken  of  shallow  water  waves  being  ganerated  by  a  jet 
containing  largo  scale  instabilities  of  the  type  that  might  well  model  tha  high  speed 
jet  noise  problem. 

This  linking  of  tho  important  sources  with  the  large  scale  eddies  that  may  well  be 
driven  directly  from  the  instability  of  the  primary  flow  suggests  that  the  source 
strength  would  be  changed  along  with  a  modification  of  the  ness  flow  stability 
characteristics,  crighton  has  shown  how  an  alllpticaily  cross-sectioned  jet  contained 
within  a  vortes  sheet  has  quits  different  instability  characteristics  from  tha  round 
jet.  A s  the  aspect  ratio  of  the  ellipse  is  increased,  tr ana versa  waves  are  inhibited 

the  j*t  teMe  on  some  of  the  characteristic*  of  the  two^dUasnsioaal  jot  that  is 
prone  to  a  slapping  oscillation.  *i*  shall  hear  from  Kooh  and  Hawkins  how  fishtailed 
Jet*  have  remarkable  jet  noise  attenuation  properties  in  the  plane  of  the  fishtail, 
but  aoms  are  liable  to  cuke  much  norm  noise  in  the  transverse  plane.  This  idee  is 
not  inconsistent  with  the  view  that  it  is  a  modification  of  tha  large  eddy  structure, 
consequent  upon  a  change  of  let  stability,  that  is  the  cause  of  thia  change. 

Other  effects  may  also  bo  iaportast  in  those  'fishtail'  flow*.  Maybe  the  sound 
generated  by  turbulence  is  unable  to  propagate  in  the  plane  of  the  fishtail  and  is 
retracted  out  of  it.  Or  it  may  be  that  tbo  important  noise  sources  are  contained  In 
the  jet  interior  end  that  the  extensive  fishtail  flow  shields  them  £tm  the  snvitoa- 
mast  to  inhibiting  the  convective  amplification.  Set  whatever  tha  axplanstice  the 
sound  in  tbs  previously  swat  important'  jet  noise  direction  is  centrollwd,  ar«2 
controlled  by  factor  la  excess  of  10  decibel*  placing  the  emphasis  for  fur ‘■liar  noise 
control  ca  «  suppression  of  tha  sound  radiated  tb  high  angle*.  As  we  have  already 
seas,  that  sound  sometimes  differ*  considerably  from  what  we  think  is  jet  mixing  noise, 
and  may  well  fall  in  the  excess  sole#  category  in  the  feet  important  practical  applicative*. 


There  seam*  no  doubt  that  these  suppression  devices  that  rely  on  some  asymmetry  of 
the  flow  provide  a  significant  advance  in  the  control  of  high  speed  jet  noise, 

{figure  10)  and  it  ie  interesting  to  look  back  to  the  comments  made  by  Hollo-Ghristensen 
at  the  Meeting  ten  year*  ago,  whan  he  anticipated  that  such  effects  might  well  be 
present  and  exploitable. 

Wo  shell  hear  also  from  Hoch  and  Hawkins  how  ths  noise  of  one  jet  can  be  effectively 
shielded  by  a  much  quieter  /jet,  and  this  is  probably  an  important  principle  that  has  yet 
to  be  exploited  in  a  practical  design.  A  Rolls  Boyce  experiment,  in  which  a  small 
triangular  jet  exhausting  s  thin  lamina  containing  less  than  ten  jw  cent  of  th“  mass 
flow,  produced  an  attenuation  of  the  order  of  io  decibels  in  the  shielded  direction. 

X  show  hers  (figurs  11)  the  field  of  a  conical  noaxle  at  a  pressure  ratio  of  3,  with 
and  without  ths  auxiliary  jet,  and  it  will  ba  seen  that  there  is  a  very  useful 
attenuation  effect  waiting  to  ba  exploited. 

There  can  be  so  doubt  fro*  experiments  such  as  these,  that  the  interaction  of  either 
the  source,  or  the  sound,  (or  both)  with  mean  flow  is  an  essential  consideration  which 
oust  be  mastered  before  ths  jst  nolss  problem  is  adequately  understood.  The  recognition 
of  this  led  Phillips  la  I960  to  reformulate  the  aerodynamic  noise  problem  an-’  model  it, 
not  as  blghthill  has  done  by  an  equivalent  set  of  waves  propagating  in  an  ideal  acoustic 
medium,  but  aa  a  driven  system  of  waves  natural  to  the  motion  of  the  mean  flow.  In  this 
way,  by  specifically  taking  account  of  the  variable  wave  oropagation  characteristics 
Phillips1  approach  contains  a  potential  advantage  over  the  highthill  model,  an  advantage 
that  should  become  more  end  more  obvious  as  the  frequency  of  sound  increases,  aa  it 
inevitably  must  tit  high  'incugh  Nach  number.  NS  heard  Professor  Mllay  describe  at  the 
1964  Specialist  Masting  an  application  of  thie  theory  to  the  pressure  fluctuations 
under  a  turbulent  boundary  layer.  This  form  of  analysis  has  fceeo  the  subject  of 
extensive  recent  investigation  by  Id  1 ley  and  by  Pad*  It  io  obvious  that  the  approach 
is  wore  complex  and  more  difficult  to  understand,  and,  because  of  that,  general 
consequences  of!  the  model  ere  herd  to  elicits  free*  the  theory.  But  these  are  early  days 
and  I  look  forward  with  interest  to  hearing  of  Professor  tilley*a  recent  research  later 
in  this  WMtiug.  initially  at  say  rate,  that  theory  must  be  tasted  on  tha  flows  with 
the  simplest  velocity  distribution,  such  «e  the  parallel  plane  shasr  layer  or  the 
parallel  circular  jet.  One  would  hope  though,  that  the  essence  of  the  changes  brought 
about  by  tin  incorporation  of  mean  flow  affects  can  be  distilled  in  a  sufficiently 
compact  way,  that  their  bapHcatioas  for  flows  of  novel  cra*a-« action*!  shaoa  can  be 
stated  i»  a  way  that  can  load  to  distinct  design  principles,  it  is  certain  that  those 
principle*  would  have  to  ha  applied  to  jets  of  odd  geometry*  for  it  i*  already 
established  that  the  circular  ;'*t  is  far  too  ooicy  to  be  0£  geesral  tachnalogical 
interest.' 

That  brings  am  mow  to  the  advertised  pro^ame*.  That'  concerns  the  aerodynamic#  of 
im&oimim  sound  sources,  1  include  than  hero.  because  t  believe  they  form  m  important 
eonstituteftt  of  high  speed  jet  sola*.  '  2  show’  you  sere  (figure  12)  the  time  history  of 
the  pr«3«ur«  radiated  into  the  distant  field  by  the  tfiyapea  5*3  engine  operating  at 
high  izixxa?;  Vuu  will  see  that  the  signal  tea  a  distinctive  bies  towards  Mg*  amplitude 
positive  short  deration  paths.  Tt*a*  peak*  are  the  dominant  feature  of  this  sound 
signal  and  X  think  that  thty  er*  sow  narrow  onougfe  to  ba  tranalsat*.  tfurtbereora,  and 
tain  ie  the  important  point,  th^  be**'  to  base  e-er^fibientiy  diaiiaefciv#  shape  that  -  - 
fcb*y  might  be  wodelled  by  ui*e  definite  datw-sdnistic  feature  of  the  twsuros  flow,  *ud 
sMd  not  be  ettegosisei  an  randem  products  '  of.  .twfcuisee*,  X  'tlOjPt  it  is  tha  isolation 

oi  a  vents  such  as  these,  ii<  the  «q»srittB«inl  procedure  fcaent  ae  conditional  sampling, 
teat  baa  lead  to  the  very  Significant  racehtaiwsaoas  is  aw  uadarsteadieg  of  turbolance, 
ispertsst  »ls#ost*  of  turbulent  flew  have  *  relatively.  datebminintie  ctrnctnre  ooce '  - 
they  are  tsrc^arly  vteuedi  But  vfcan  avarythisg  is  view  ela^l'easmsxiily'  the  signal  ■ie: 
cocliislig  wj  ,-fft  only  be  t rti fed  f t y- -  - ~ '^^■oaaamtKSMit&jJg  be  ths  largest  -  - 


distinct  event  one  stands  a  reasonable  chance  of  understanding  its  origin.  Because 
the  'spikes'  are  big  they  are  clearly  an  important  item  of  the  jet  noise  field  -  possibly 
the  aoat  important  item. 

How  these  spikes  arise  only  at  high  power  conditions,  or,  more  specifically,  at 
high  jet  velocities.  They  are  found  in  model  jets,  and  Laufer  and  Schlinker  have 
observed  them  on  a  model  jet  produced  by  an  extremely  smooth  electrically  heated  nozzle 
flow.  They  make  a  further  important  observation:  that  is,  that  the  tendency  for  the 
signal  to  be  domlaanted  by  spikes  is  accentuated  if  the  signal  is  obtained  by  means  of 
a  reflecting  telescope  focussed  at  about  10  diameters  downstream  of  the  nozzle.  This 
indicates  quite  clearly  that  the  spikes  have  their  origin  in  the  mixing  jet  flow  and 
not  ir  some  spurious  unsteady  engine  exhaust  condition. 

X  now  show  you  a  sequence  of  noise  data  taken  on  the  Olympus  S93  engine  at  Rolls 
Royce  as  the  engine  power  is  progressively  increased,  (figures  13  to  19).  At  low 
power  the  signal  is  quite  evenly  distributed  about  the  positive  and  negative  side.  The 
power  spectral  density  of  the  signal  is  shown  on  the  figure  ns  is  the  probability 
density.  The  skewness  factor,  you  will  see,  is  at  a  low  value.  As  the  power  is 
progressively  increased  a  tendency  for  positive  spikes  seems  to  evolve.  There  is  no 
distinctive  change  to  be  seen  in  the  power  spectral  density  but  the  probability  analysis 
shows  an  increasing  tendency  to  a  skew  form.  In  fact,  through  the  sequence  of  figures 
the  skawnoss  factor  increases  sonotonically.  The  dependence  of  the  skewness  factor  on 
the  jet  velocity  is  shewn  in  figure  20. 

The  spike  formation  has  a  subjective  significance  too.  X  would  like  you  now  to 
listen  to  recordings  of  the  sound  depicted  oa  the  preceding  sequence  of  diagrams. 

As  the  power  is  increased  and  the  spikes  become  evident,  the  tone  becomes  harsher, 
not  dissimilar  to  the  sound  produced  by  the  tearing  of  paper,  (figure  21)  and  X  think 
it  may  veil  ba  «  contributor  to  the  annoyance  of  the  sound. 

The  question  I  now  want  to  address  myeslf  to  is  what  type  of  source  mechanism  could 
be  responsible  for  the  production  or  formation  of  fcheaa  spikes?  X  will  take  the  view 
that  they  are  produced  by  definite  transient  events  in  the  jet  flow.  I  do  not  think 
they  could  arise  from  non- linear  propagation  effects.  This  is  because  non-linear 
propagation  tend*  to  distort  the  phase  of  the  signal  and  alter  its  wave  form  in  a 
basically  symmetrical  manner.  One  can't  be  certain  of  this,  of  course,  because  the 
problem  of  auu-iinsar  noise  propagation,  even  though  it  is  described  in  a  definite 
way  by  Burger's  equation,  is  still  too  complicated  to  work  o«t  in  detail.  But  the 
cpeUtative  treads  are  probably  similar  to  these  known  to  exist  for  ha£*&nic  waves 
which  evolve  into  a  perfectly  regular  H  wave  system  syvsnstrtc  about  the  positive  and 
049 stive  aide.  Also  no  tv-linear  propagation  effects  tan&  to  distort  the  phase  of  the 
waves,  the  large-  emplitude  element*  travelling  faster  than  the  low,  and  this  would 
inevitably  lead  to  *  loss  of  cortolatioa  between  the  sound  heard  close  to  the  jet  and 
that. beard-  far  away.  In  fact,  when  these  spikes  sf*  heard  the  oemreletien  between 
near  and. far  field  is  remarkably  high*  as  is  shows  in  the  next  figure,  (figure  221 
where  a.  car  relative  coefficient  of  50S  1*  measured  between  the  sound  five  disasters 
away  from  the  jet  .axis  and  .10  diameters  dowuattsam  of  the  nos  sic  and  the  far  field 
sound  measured  more  than  SO  disasters  away  free  the  jet.  That  correlation  exhibits 
a  peculiar  quality  ia  that  it  oscll !«*&s  with  a  relatively  high  correlation  at 
separatist:*  wry  much  greater  that-  the  characteristic  period  of  the  signal.  This  is 
extremely  suggestive  of  the  lost  of  low  frequency  infcjmsticet,  though  of  coutso,.  if 
the  sound  sera  generated  by  a  ooav«ht,onai  quadripole,  there  could  be  no  saergy  at 
the  lowest  ftoq'^ci-ra. .  This  point  is  sseihetisea  by  a  cumparisco  with. »  synthetic 
signal,  generated  by  a  random  sequeepe  of  Gaussian  pulisci  fro®  Which  the  lowest 
frequency  elements.  bare  bMu  dsllberrtely  raeoved,  The  sub*  cerreiafci&a  of  that 
synthetic  signal  Is  shown  bale*  (figure  21).  Tbs  characteristic  usdelatloa  st  large 
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time  delay  is  very  suggestive  of  the  data  measured  on  the  real  engine. 

We  have  a  clue  then  that  it  is  not  productive  to  try  to  explain  the  origin  of  these 
spikes  through  any  quadrupole  source  model,  they  are  probably  generated  by  far  more 
efficient  methods  of  sound  production.  Of  course,  the  aerodynamic  sources  are 
quadrupole  and  this  is  only  reconciled  with  the  foregoing  view  when  it  is  admitted  that 
the  quadrupole  strength  may  well  depend  on  details  of  the  radiation  field.  In  other 
K>rds  there  may  bo  a  significant  back-reaction  of  the  field  on  the  flow  whenever 
particularly  efficient  generating  processes  are  involved.  This  effect  la  wholly 
additional  to  the  way  aerodynamic  noise  theory'  is  conventionally  applied. 

Sound  is  generated  by  unsteady  flow,  so  that  the  relevant  measure  of  time  scale  is 
that  on  which  the  flew  changes,  that  is  the  ratio  of  the  particle  velocity  to  its 
acceleration.  If  sound  can  cross  the  source  in  a  email  fraction  of  this  time,  then  all 
points  are  effectively  heard  instantaneously  and  the  source  field  is  said  to  be  compact. 
That  is  the  limit  treated  by  thO  usual  acoustic  analogy  for  aerodynamic  sound  generation. 
But  if  the  flow  changes  in  a  time  very  much  stiller  than  that  required  for  sound  to 
cross  it,  than  different  elements  are  heard  independently  and  the  source  is  said  to  be 
non-compact;  The  non-compact  case  corresponds  therefore  to  extremely  rapid  rates  of 
change  in  flow  velocity  the  limiting  case  being  that  of  an  impulsive  acceleration.  Such 
cases  fora  extremely  efficient  sources  of  aerodynamic  sound. 

Consider,  for  example,  the  sound  generated  by  flows  about  impulsively  arrested  bodies 
The  principles  involved  are  very  simple.  Prior  to  the  impulse  there  is  a  flow  about 
the  body  and  that  flow  or  course  implies  a  local  distribution  of  kinetic  energy.  If 
now  the  boundary  is  stopped  impulsively,  then  .Immediately  following  the  impulse,  the 
flow  remains  unaltered  since  information  regarding  the  boundary  motion  has  not  yet 
propagated  away  from  the  surface.  That  information  travels  at  the  speed  of  sound, 
and  the  local  notion  will  adjust  to  the  new  boundary  conditions  just  as  soon  as  sound 
has  travelled  over  the  flow  to  convey  the  news,  and  it  is  during  that  time  that  the 
flow  is  rearranged  into  a  propagating  field  that  transports  all  the  energy  to  infinity. 
Viscous  effects  are  negligible-  hsosuae  in  tha  time  sound  has  travelled  at  speed  c 
over  tbs  flow  scale  1  to  affect  the  metamorphosis  viscous  diffusion  has  o&ly  affected 
that  flow  within  a  distance  tAJTTc  of  the  boundary  which  is  only  (the  usually  negligible 
fraction)  sriT1*  of  tbs  complete  flow,  H  and  a  being  the  Kaeh  and  Reynold*  number 
respectively.  The  impulse  initially  affects  only  the  layer  to  which  sound  has 
penetrated,  tad  so  long  «s  this  is  vary  thin  in  comparison  with  the  body  curvature, 
the  motion  Induced  there  Is  essentially  that  of  a  one  dimensional  wave  in  which  the 
normal  surface  velocity  jump*  to  aero  frwa.it*  pre-icpulse  value  u  say.  This  jump 
is.  accomplished  by  initial  pressure  discontinuity  pan  which  propagate*  away  from 
the  boundary,  its  amplitude  decay log  in  a  manner  determined  by  the  ratio  of  distance 
travelled  to  the  initial  radius  of  curvature,  for  axaaple  the  transmutation  of  tha 
flow  about  a  door  slamming  shut  at  a  Speed  of  i/t't/sec.  is-  accomplished  by  a  pressure 
pulse  of  about  10~  atmosphere,  which  Is  Of  the  sans  magnitude  aa  the  overpressure 
la  «  sonic  boom. 

barge  transient*  must  'originate  in.  particularly  effective  discrete  events,  and 
for  the  reason*  cl  ready  outlined*  thoee  avaacs  ape  likely  to  be  casss  it?  which  the 
flow  display*  a  distinct  supersonic  phase  speed  or  adjusts  to  a  new  condition 
particularly  abruptly,  this  would  not  only  ecoooat  for  the  high  amplitude  of  the 
spikes*  it  would  also  fit  in  with  ths  relatively  short  duration  of  tbs  observed 
pressure  peaks.  But  how  cas  such  transients  occur  &ad  why  are  they  inevitably 
coUvTeaaive?  Their  origin  is  likely  to  li*  ia  strongly  noc-iinear  motion  vfcnro 
ocavctrtiv*  steepening  *fc  t ho  source  ccoce..uaU*  wave's  into  Intense  propagating  shocks 
while  associated  unsteady  expansions  tend  to  drapers*.  .■ -  there  axe  several  poeeibiliti.es 
for  such  violedt  but  loirequsnt  orahvlmatn. 
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Mixing  flow  la  a  chaotic  bundle  of  vortlclty  which  is  continually  becoming  more 
convoluted  as  the  turbulence  cascades  to  smaller  scale.  The  velocity  field  strains 
this  turbulence  deforming  the  vortex  lines  and  occasionally  the  strain  will  be  such 
as  to  straighten  an  initially  buckled  line.  Purther  strain  in  the  direction  of  the 
vorticity  must  spin  up  the  vortex,  and  demand  work  from  the  straining  motion  on  whioh 
it  therefore  exerts  a  tension.  The  abrupt  tensioning  of  such  a  vortex  line  might  well 
provide  an  impulsive  source  of  sound,  -  analogous  possibly  to  the  eudden  tensioning  of 
a  string,  or  sheet  of  paper. 

Non  linear  limits  on  an  instability  wave  might  also  act  sufficiently  rapidly  that 
the  change  is  effectively  impulsive.  The  mean  jet  flow  is  certainly  unstable  to  small 
disturbances  which  grow  presumably  until  their  amplitude  ie  big  enough  that  the  waves 
break  into  harmonics,  or  are  simply  arrested.  Both  limiting  processes  might  act  once 
the  particle  displacement  ie  a  sizable  fraction  of  either  the  jet  diameter  or  of  the 
instability  wavelength.  One  might  expect  therefore  instability  waves  to  be  fed  gradually 
from  the  mean  flow  but  to  shed  their  energy  abruptly  as  their  amplitude  is  arrested, 
the  efficiency  of  that  radiation  process  depending  entirely  on  the  time  scale  over  which 
the  change  occurs.  The  mechanics  of  the  deceleration  might  well  be  in  luct  that  the 
surrounding  potential  flow  builds  up  a  compressive  wave  aufficiently  strong  to  stop  the 
growth. 

Crow  and  Champagne  (1970)  describe  the  coalescence  of  waves  into  an  abruptly  forced 
'vortex  puff'  in  another  process  that  would  inevitably  lead  to  effective  sound  generation. 
Again  if  this  occurs  on  a  time  scale  smaller  than  that  required  for  sound  to  cross  the 
disturbed  flow,  the  sound  Induced  is  best  regarded  as  a  direct  propagation  of  the 
abruptly  generated  pressure  into  sound. 

The  vortex  pairing  process  we  shall  hear  Professor  Laufer  describe  1b  another 
abrupt  motion  that  might  again  eupport  impulsive  sources.  The  non-linearity  of  the 
problem  there  seems  capable  of  inducing  sudden  changes  to  the  otherwise  steady 
downstream  vortex  drift. 

All  of  these  motions  are  probably  too  complex  for  quant itativa  analytic  modelling 
but  they  aeem  to  an  to  be  plausible  enough  that  they  fora  the  basis  for  locating  the 
source  of  especially  violent  and  significant  waves,  and  should  therefore!  be  at  least 
the  subject  of  debate.  It  seems  certain  that  quantitative  modelling  of  unsteady  flews 
vill  rsfiiis  fos  tiss  yst  for  iji»t  tho  trivial 

sources,  if  real  jet  flows  are  to  bu  discussed  at  ell  that  discussion  will  be 
confined  as  in  the  foregoing  to  speculative  but  plausible  qualitative  argument.  ¥or 
that,  the  id**  that  clue*  can  be  obtained  by  considering  abrupt  changes  as  th*  essential 
ingredient  for  sound  production  in  the  opposite  extreme  to  that  well  modelled  by  the 
acoustic  analogy  for  compact  source*  might  well  prove  helpful. 

Much  of  the  aeterisl  included  Hare  is  known  to  the  author  through  his  association 
with  Polls-Royco  (\971)  Ltd  and  hie  involveasant  in  their  high  speed  jet  noise  research 
programme.  Some  of  it  is  of  a  preliminary  nature.  The  author  acknowledge*  the 
enthusiastic  support  of  the  Soils  -  fcoyc*  Directors  in  allowing  publication  of  this  date. 


Fe  1  (Fjg.13  of  UgiilixiU’*  ptper  showing  the  coawciiw  vapiittition  effect) 


Stationory  cold  jet.  j 

Measurements  at  Mach  number  0  5  and 
Reynolds  number  6  x  10s  (Laurence  1956). 
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A  100  mil&ecosd  sample 


A  ten  miHuecoitd  5impk 


l%.12  A  typical  sample  of  the  temporal  pressure  variation  measured  m  the  far  noise  field  of  the  Olympus 
ecgiae  at  feijb  power  showing  the  characteristic  bias  towjwcia  positive  short-duration  large  amplitude 
prewure  tramkuu.  The  slpal  ia  shown  on  two  tiaw  sates,  the  secoad  ttgmttit  bate#  that 
indicated  between  the  arrows  on  the  find. 
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DISCUSSION 


Dr  Fuchs:  Concerning  the  debate  whether  or  not  model  jets  do  “crackle”  and  the  entire  question  of  how  the 
phenomenon  can  be  quantified  and  its  cause  isolated,  i  would  propose  a  relatively  simple  approach:  Insert  a  probe 
microphone  in  the  core  of  a  subsonic  jet,  say  three  diameters  downstream  of  the  nozzle.  When  you  listen  to  the 
pressure  signal  through  earphones  you  will  hear  a  sound  which  closely  resembles  that  of  jet  noise.  When  one 
traverses  the  probe  at  a  constant  speed  in  the  lateral  direction  one  may  easily  distinguish  three  regions  wliere  the 
statistical  character  of  the  signal  changes  very  drastically: 

(i)  The  core  region  is  characterized  by  a  relatively  smooth  and  almost  “comfortable”  random  noise.  With 
increasing  distance  from  the  jet  axis,  however,  certain  “crackling”  events  occur  at  irregular  intervals,  the 
intervals  being  of  the  order  of  seconds  near  the  axis.  When  the  probe  approaches  the  mixing  region  the 
“crackle”  will  become  more  intense  and  occur  at  shorter  intervals  with  the  still  audible  random  noise 
remaining  almost  unaltered. 

(ii)  In  the  mixing  region  the  second,  irregular  noise  component  has  become  dominant,  and  the  pressure  signal 
resembles  that  of  a  hot-wire  signal  detected  at  the  same  location  in  the  flow.  The  underlying  regular  noise 
pattern  is  nevertheless  detectable  by  the  ear,  which  seems  to  easily  discriminate  between  noises  of  similar 
spectra  but  of  different  statistical  character. 

(iii)  When  traversing  through  the  entrainment  region,  the  irregular  content  gradually  decreases  again.  The 
impression  of  “crackle”  returns,  becomes  less  frequent,  and  finally  (at  approximately  two  diameters  from 
the  axis)  dies  out  leaving  the  regular  jet  noise  cluiracter  in  the  rapidly  decaying  near-field  signal. 

The  phenomenon  described  shows  that  crackle”  may  be  characteristic  for  any  jet  but  generally  is  of  minor 
importance  in  the  radiated  for-field.  It  is  very  easily  isolated  by  the  human  ear  and  may  best  be  studied  in  a  flow 
region  where  the  “crackling”  events  occur  only  occasionally,  c.g.  right  in  the  middle  of  the  potential  core  of  a 
model  jet. 


ProfJFfcwcs  Williams;  The  observations  made  by  Dr  Fuchs  are  very  interesting  indeed,  and  I  agree  tliat  such  an 
experimental  approach  may  well  prove  effective  in  studying  the  basic  origin  of  crackle.  If  I  interpret  him  correctly, 
crackle  is  always  a  feature  of  the  jet  motion  but  is  only  coupled  effectively  to  the  acoustic  field  at  high  jet  speeds. 
If  indeed  this  idea  can  be  verified  then  it  may  be  much  easier  to  study  systematically  the  basic  fluid  motions  that 
generate  crackle  in  a  jet  of  low  speed  where  crackle  is  inaudible  in  the  far  field  That  woo’d  no  doubt  considerably 
eare  the  experimental  difficulties  of  a  systematic  study. 


Dr  Obermeier:  Prof.Ffowcs  Williams  discussed  among  other  things  the  so-called  “crackling  noise.  fVrhape  the 
following  comment  may  be  helpful  to  develop  a  quantitative  understanding  of  this  phenomenon.  If  one  assumes 
the  existence  of  pressure  distributions  in  the  flow  similar  to  the  front  or  the  rear  shock  of  a  sonic  tcom,  then  it 
seems  reasonable  that  these  shocklikc  pressure  distribution*  are  partly  focused  and  pertly  scattered  by  the  turbulence 
within  the  jet. 

In  such  a  case,  however,  one  can  expect  for  the  influence  of  the-  focussing  effect  remits  similar  tc  those  given 
in  our  Paper  No.17  (Ref.l).  That  means  spiked  positive  pressure  fluctuation*  and  rounded  negative  orses. 

To  explain  the  influence  of  the  scattering  effects  cute  tan  refer  to  our  paper1  where  we  apply  also  linear 
methods  to  describe  the  distortion  of  a  N-ahapcd  pressure  stature  of  a  sonic  boom  by  turbulence.  The  basic 
results  of  that  paper  shew  that  this  distortion  can  be  explaated  in  a  first  approximation  by  the  phase  scrambling 
of  the  single  Fourier-coatponents  of  the  total  pressure  distribution.  Again  it  turns  oat  that  the  poaitive  pressure 
fluctuation*  sre  spiked  and  the  negative  ouea  are  rounded. 

1 .  F.Obersneicr  Sonic  Boost*  Bshatfof  a  Ceusfie.  AOARD  CPP.  S  3 1,  Paper  No,  1 7. 

2.  F.Obertoeicr  Dts  Strtuptttelttn  tints  tlbmckosltbuiltex  teim  PvrekgtBig  dts/sh  tint  tue&iimu 

G.Ziratocfmfcna  Sckecfu.  tOr  StriJaruagafostchung,  Bawht  iJ4  fl$1&). 


SkofiTowes  Wiilwias:  As  1  said  in  my  kviyre,  l  have  beer  unable  to  think  of  say  finite  amplitude  propagation 
effect  capable  of  getmating  a  distinct  difference  between  positive  and  negative  gsutg  poature  perturbs  ticca  and 
have  oaths  to  the  caaeHsfcxi  that  Use  osi jSa  of  ths  crackling  s?Bm  must  be  in  the  ursiaady  flow  that  generates 
the  sousd.  But  Dt  CAtmtiet  make*  «S#t  I  titisk  is  an  extremely  valid  wstet,  in  reeagaf&tf  the*  if  the  ware*  are 
focussed  by  tome  febrvsqpEiretty  fet  the  propagation  oosstents  a  eiuasc  wiii  result  sad  feat  posifire  going  spikes 
arc  «  cb«*e«matfc  of  acetate  algjuSs  nee?  such  cat&Jks.  That  obserwdircs  xssu  to  duo®  open  tbs  jxwMily 
tliat  red  life  propa gate?  effect*  are  also  capable  of  gcssreaUag  tee  *pSc tka  feefe  urigla  cam  remain  for  fit? 
moment  an  open  issue. 
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EXPERIMENTAL  EVALUATION  0?  FLUCTUATING  DENSITY* 
AND  RADIATED  NOldS  FROM  A  HIGH-TEMPERATURE  JET 


by 

P.  P.  Kssaier,  S.  P,  Fertheaarathy,^  R.  F,  Cuffel+ 
Jet  Propulsion  laboratory 
4800  Oak  Grova  Drive 
Pasadena,  California  91103 


SUMMARY 

An  experimental  lnvaetigetica  has  l-csn  coosJactad  to  characterise  the  fluctuating  density  within  a 
high-tt-uparsture  (1100°K)  i„b»oclc  jet  anc  co  characterise  the  noise  radiated  to  the  surroundings.  Cross 
correlations  obtained  by  introduc!.:'®  time  delay  to  the  ilgnsla  detected  free  spatially  separated  crossed 
later  t-sma  get  up  at  a  Schl  Loren  system  v;:-e  used  to  determine  redlet  end  ixlal  distributions  of  the 
convection  velocity  of  the  moving  noise  sources  (eddies).  In  addition,  the  autocorrelation  of  the  fluc¬ 
tuating  density  eras  evaluated  in  the  soving  frame  of  reference  of  the  eddigA*?  Also,  the  autocorrelation 
of  the  .idiated  noise  in  ths  moving  reference  frame  was  evaluated  from  cross  correlations  by  Introducing 
time  delay  to  ths  signals  detected  by  spatially  separated  pairs  of  ticrophonea.  The  radiated  noise 
results  are  compared  with  Lightcilll ‘e  theory  and  with  the  data  of  Luch.  Radial  distributions  of  the  mean 
velocity  were  obtained  from  measurements  of  the  stagnation  temperature,  and  stagnation  and  static  pressures 
with  the  use  of  probee. 

Une  investigation  experiment-'!*  a  ate  conduit®  afln  da  caractsrisar  .a  denslte  fluctuant*  au  sein 
d’un  Jet  subsonique  a1  haute  temperature  (11Q0°K)  et  le  bruit  Irrtdie  tout  aux  alentours.  De»  correla¬ 
tions  rrolsfts,  obtanuas  en  inCrcdv. '  sent  un  delai  de  tenps  dans  les  algnaux  detectiss  a  partlr  de  faisceaux 
laser  crolses  separ^c  dans  1  ‘e a pace  et  disposes  selon  un  system*  Schlieran,  furent  utlllseea  pour  deter¬ 
miner  lea  dlstributlona  radiale  et  axial*  de  1  :  vitasaa  de  ctjtr/cctioo  dor  sources  mobiles  de  bruit 
(touvbillons) ,  l1 autocorrelation  de  la  denslte  fluciuante  fut  ^values  dans  la  systems  mobile  de  eoordon- 
nSos  dea  tourbilloca.  De  plus,  1 1  sutocorrala t ion  du  bruit  l'-rsdl*  dans  le  systems  mobile  de  rhfSrence 
fflt  4v*lu4*  a  .  irtlr  dea  correlations  era?,  sees  en  intreduiaant  -  dalai  de  temp®  dsns  les  slgtuux  detects 
par  das  palres  microphones  s£par£s  dans  ! '« space.  Las  result  sts  du  bruit  lrr«<  i  furent  compares  avec 
la  tt&orie  de  Llghthlll  et  avec  las  donc^es  do  Lush.  Las  diet ri'  -t loos  rsdialea  Us,  i  -  vitcase  eoyenna 
iarent  obtanuas  W  yartir  dea  assures  de  temperature  de  stug.-atlOi.  t  dea  pi  .  scions  '  stagnation  et 
statlguea  a  l* alia  de  sondes. 
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auoear  o"  frequency  buses 
number  of  nodal  pc let j 
Static  present* 


stagnation  preasuic 

scat ; c  pressure  st  ths  well 

evo-point  correlation  of  the  Caaeity 
fluctuatiosss  m 

exparlBeatal  etc**  correlstieo  function  of 

the  laser  signals 

Jeftnsd  by  Eq.  (A2-10);  also  the  distance 
from  the  center  of  ths  noetic  st  tbw  exit 
to  e  microphone,  Eq*.  (2)  and  (3) 

distance  from  isoiSJ  source  to  cicrophooe; 
si co  a  variable  defined  by  Eq.  (A2-15) 


jeoticivity  of  the  detector 


S,t»  time 


tin*  tequlrad  for  sanad  to  treval  from  the 
non*!*  sale  (origin  of  first  pound  vem)  to 
*  uicrofffeoea,  Bq.  (A3-1)  .  *l*o  temperature 

mean  jet  velocity 

convection  velocity  of  the  eddies 


this  wet  press. else  rtawUa  o£  «se  pkasc  cf  s*aa*rtA  eirried  ret  in  the  Pmpnlsicm  isassrch  tnd 
Adva-e*!  Ciscapts  Sncctun  ef  the  _v«t  Eropelsloc  laboratory,  GaUfornf*  Ifsscltots  of  Tecomology.  cn*cr 
Contract  HiSl-lCO,  spot  -red  by  tbs  getiemal  Aaroeanticc  and  Space  AdeAnittretion. 


Croup  $us»rv'»*c 


tst  SctmtiC 


******  T*c*micirl  StAf  t 


JV-. 


SUBSCRIPTS 


Uft  wan  jet  velocity  at  the  noetic  exit  or 
downatreaa  o£  the  no rail  shock  wave 

x*  axial  distance  from  floe  separation  location 
inside  the  noeale 

x,y,e  coordinates  with  tha  origin  at  the  oocale 
exit,  see  Pigs,  (A2-1)  end  (A2-2) 

or  rteio  of  highest  frequo,  -  at  the  edge  of  a 
bend  to  the  lowest  frequency  of  the  band. 

Eq,  (A'-3);  alto  e  factor  in  Eqs,  (2)  ani  (3) 

6  ealaalcn  atxjle,  the  angle  between  the  jet 
axis  and  tha  line  Joining  o  nicrophcma  with 
the  center  of  the  noule  at  the  noctle  exit 
plane 

y  angular  deflection  of  a  l«eer  beam 
5  time  increotnt 

a  Gladetooe-Dale  constant 

C  coordinate  along  the  a  direction  with  origlt 

on  the  horlsontel  laaer  beta,  see  Pig.  (A2-2) 

T)  coordinate  along  the  y  direction,  see 
Ftge.  (A2-1)  and  (A2-2) 

9  angle  between  the  Jet  axis  and  e  line  drawn 

froa  e  nolee  source  to  e  microphone 

u  |  coordinate  in  moving  reference  f  rates, 
equal  to  5  -  UcT 

5  coordinate  along  the  x  direction,  or  bean 

separation  distance,  ace  Pigs.  (A2-1)  and 
(A2-2) 

p  density 

t  time  delay 

time  delay  for  which  the  nr*  density  fluctua¬ 
tions  decay  to  ooe-helf  the  maximum  value 

autocorrelation  functions  representing  the 
noise  in  the  various  frequency  band*. 

Eq.  (A3-3) 

Y  autocorrelation  function  In  aoving  frame  of 

reference  of  the  eddies 

(  )  denotes  "functioa  of" 

[  ]  or  ^  }  dense®*  "rulcipiiad  by” 

<  >  donut*#  averages 

_  denotes  a  vector  quantity  when  it  appear* 

beneath  s  symbol 


a  ambient  ondition*  inside  the  enechoic 
chamber 

c  convection  of  eddies 

d  danslty 

e  emission  conditions 

H  horieontal  beam 

1  index 

n  noise 

q  quadrupola 

t  stagnation  condition 

V  vertical  bean 

6  at  angle  g  with  reapact  to  the  Jet  *xls 

C  along  the  £  direction 

H  along  tha  1)  direction 

|  along  the  5  direction 

0  Initial  condition;  also  noaxle  inlet 
condition 

1,2  microphone  nuebera;  alto  different  tinae  or 
location* also  indexes 

78,90  78°  and  90°  with  respect  to  the  jet  exia 

SUPERS  (SIFTS 

1  fluctuating  quantity  (indicated  in  figures 

but  not  in  equations) 

—  average  value 


j  .  tsmsoeuenesi 

fWrhaps  the  mat  significant  obstacle  te  fully  troderstaod  the  -noiso  sources  in  free  jet  flows  i»  the 
formidable  tas*  of  tape  r inset  a  U  y  character i* ins  the  turbulence  that  t*  generated  in  the  sheer  veglon.  A 
casspistw  experimental  e*«lu*tioa  of  the  distribution  of  fluctuating  quantities  (or  noise  sc*.itcs»)  within 
Jats  sad  the  ietsrfclnetioa  ef  the  ceetribvtioo  of  oath  scarce  to  the  *01*®  rsdts'ed  *t  e  particular  loca¬ 
tion  eutefde  the  Jst  appears  at  the  prrwet  time  to  be  elsoat  uscbi’s.iaahi*  is  s  p;actieel  liens.  This  1* 
trc3  even  with  the  us*  of  recent) t  developa-d  icetsroa*ctsticn  method*  coupled  vt*h  the  ura  of  Mgh-speed 
eonestcora  for  detts  ms-lysis  pnr poses.  tny  itsveseigst  ten  of  the  fluctu*. quantltie*  related  to 

else  redleted  oolea  requires  simplification*  in  tcr-s*  e{  s  node!  that  ’’represent*”  tbs  real  situation. 

Tfi*  asparlsssatal  invest igstioK  to  b«  discussed  psrtatss  to  on*  method  of  character icing  the  fluctuat¬ 
ing  quactitice  that  generate  the  tol  ;-s  a*  well  *s  to  0  method  of  ebsras-terlstas  the  aoie*  thee  is.  rvdtsted 
to  the  surscftasSlegs.  1*  particular,  the  fluctv.st  ir^i  densities  in  s  h i gi- - 1 sn-Te r st-J r*  wltseic  Jet  have 
bc-an  ch*r*ctarU*d  by  the  u**  0?  cro»*  ceres?*  tior-a  that  were  obtained  by  lattoducluj  ties  daisy  to  tbs 
signals  detected  from  spatially  separated  croi-ae-.i  laaer  beam*  that  vara  f-rojsctec  thrs-ugh  the  ]M,  The 
laaart  wets  sat  up  as  t  Schllerer-  tytsss*.  frost  :b*  cres*  cot-re  1st  lets*  of  tha  cyst  tally  tsparated  beasts 
the  convict; as  velocity  of  the  sewing  eddies  and  the  fluctuating.  density  ac-tec-miitioa*  v-Sre  'valuati-i. 
Goocaptutlly  the  eftjet  tdeeis*  of  statistically  rtadoe  ftsetuitido*  in  isntlty  Chet  he  identified  «a 
they  sj«  aireg  the  flew  directive.  That*  eddies  are  cMr.stderef  to  he  tbe  noise  sowtrte.  Tha  danslty 
■utococr-slstijc  i*  tha  euval ope  of  a  family  of  t%*  trad*  correlation  curve*.  TM*  sutosesrrelatitic  func¬ 
tion  is  the  Internal t?  of  tha  dseottf  fluctaat  ion*  {&T  pi  ta  the  acting  ftsst  of  rsfaremee  of  the  ed« 
dies,  os-  also;  it  is  the  ?ocvi*r  treasfocss  of  the  fluctuating  density  rpe-ettvs. 

Stsspltf tcaticcj  tetroiccrad  iaso  the  date  analysts  proceetra  ittelois  the  asscapticna  of  l sotroer  ».->d 
hcvpganeity ;  however,  a  a^thrd  si  t renting  aasiaetropic  fluctuatioe*  la  diaccasad.  Then,  avee  Chough 
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redial  as  well  as  axial  distributions  o.  the  intensity  c£  the  density  fluctuations  and  of  the  convection 
velocity  were  obtained,  the  characterisation  it?  baas;!  on  a  model  consisting  of  point  nolee  so. trees  con¬ 
centrated  along  the  axis  of  the  jet;  consequently,  it  was  assumed  chat  the  noiae  was  essentially  being 
radiated  from  a  line  antenna. 


A  distinct  advantage  in  an  experiment.!!,  sense  of  dealing  with  the  fluctuating  density  rather  than 
with  the  fluctuating  pressure  is  that  the  .density  and  the  two-point  correlations  can  be  evc.lueted  couspara- 
tively  easily  without  disturbing  the  flow.  Such  disturbances  could  occur,  for  example,  with  the  use  of 
probes,  particularly  since  two  probes  close  to  each  ether  would  be  required  In  order  to  obtain  two-poict 
correlations. 


The  radiated  noics  is  compared  with  the  theory  of  Lighthill  (Ref.  1)  end  with  seme  of  the  data  obtain¬ 
ed  by  Lush  (Ref.  2).  In  addition,  it  is  characterised  ic  terms  of  the  noise  cross -correlation  coefficient 
and  the  autocorrelation  function  in  the  moving  frame  of  reference  of  the  eddies.  Correlations  c£  the 
radiated  noise  were  evaluated  from  the  signals  obtained  with  pairs  of  microphones  by  introducing,  time 
delay. 


The  experiment*  very  conducted  in  an  anechoic  ehnmbor.  The  jet  flow  emerged  from  a  convergent- 
divergent  ncxsle  in  which  flow  separation  occurred  downstream  of  the  throat  because  the  nosale  was  con¬ 
siderably  overexpanded.  Consequently,  a  shock  structure  wat  established  but  was  contcieed  entirely  within 
the  ncrsj.e  and  tha  flow  was  subsonic  and  shock-free  at  the  noisle  exit  as  verified  by  Schlieren  end  shadow- 


jraph  observations.  The  average  stagnation  temperature  at  the  nocsle  ialat  taking  into  aecouut  all  tests 
jms  about  11.00\  (1520°F)  and  the  Mech  number  at  the  noreie  exit  was  about  0.5.  Radial  distributions  of 


maan  values  of  the  velocity,  stagnation  temperature,  stagnation  pressure  end  static  pressure  were  obtained 
in  the  jet  with  the  use  o'  probes. 


CONVERSION  OF  LIGHWm'S  THEORY  TO  THE  FOUST  SOURCES 


The  theoretical  work  of  Lighthill  (Ref a.  1  end  3)  le  baaed  on  the  concept  of  quadrupolc  sources  dis¬ 
tributed  over  the  volume  of  the  jet.  Ihe  analysis  of  the  experimental  data  to  be  discussed,  however,  is 
based  on  the  model  of  point  noise  sources  concentrated  along  tbs  axis  of  the  Jet.  Measurements  ware  made 
throughout  the  jet  region  with  the  laser  beams  to  obtain  redial  and  axial  distributions  of  the  fluctuat¬ 
ing  density;  however,  the  amount  of  such  japping  is  far  from  adequate  for  direct  use  in  Lighthill se  theory . 
Nevertheless,  it  is  possible  to  demonstrate  that  the  Lighthill  theory  can  be  converted  into  e  form  which 
for  qusdropole  sources  resembles  the  autocorrelation  function  derived  directly  from  tha  point -source  modal. 
The  analysis  of  this  conversion  is  emitted  for  brevity;  however,  the  pvocadure  followed  inclusion  (1)  into-- 
gratlon  of  the  cross  correlation  function  over  a  noise  source  (or  eddy) ,  (Z)  integration  over  tha  ernes 
section  of  the  jet  .  and  (3)  conversion  of  the  integral  along  the  axis  Co  an  integration  of  the  emission 
time.  The  emission  time  is  the  time  interval  required  for  tbs  noise  to  propagate  rew  a  source  to  a  micro¬ 
phone.  Curing  this  time  interval  the  noise  source  will  have  txaveled  to  e  new  location,  the  ftesl  expres¬ 
sion  for  the  correlation  function  is 


[2  sin  91  cos  e 


16m5'-  r.[l  -  M  cosg 
1  c 


9,]  C?  etn  e,  coa  e,]  / 

— - £ — - W  !  j  x  • 

,?  v2b.  -  H.  COS  62]3  y 


V*c  ^  "  £«]*  V 


rl  T?\ 

>  +  ~~i 


dt  (1) 


Equation  (1)  correspond?  to  ae  point-source  model,  Eq,  (A3-1)  of  Appendix  A3.  It  should  be  noted  that  la 
Eq.  (A3-1)  the  factor  1/16  IT'  ho*  been  included  in  Che  definition  of  the  soured  strength  sad  as  a  conse¬ 
quence  is  contained  in  the  no.  as  autocorrelation  function  Yu-  The  Crigoaixsatrlc  Cervm  in  the  numerator  of 
Eq.  (i)  result  froa  the  definition  of  the  quedrupole  as  does  the  ov.»ntity  [l  -  1L  cos  ftj]  being  a  cubeiS 
term  instead  of  a  squared  tens.  4  In  Eq,  (1)  is  the  autocorrelation  function  of  a  quaarupole  in  tha  mov¬ 
ing  frame  of  refarence  of  the  eddies.  Its  functional  relationship  is  eiailer  to  that  of  of  Eq.  (A3-1) . 
The  two  equations  ere  identical  in  content. 


3.  EXPERIMENTAL  FAClXITf 


The  experiments  vers  conducted  in  as  anachotc  chssber  which  is  described  in  Uef,  <*s.  During  these  os- 
perlsmnte  air  from  the  outside  was  drown  into  the  chamber  by  fchs  eoaU  decrease  in  aobiert  pressure  iij- 
aide,  which  was  caused  by  the  injector  action  of  tha  jet.  Before  entatisg  ths  ebssti-ar  tha  outside  air  «s* 
distributed  behind  tha  wedge  blocks  that  lined  the  room,  and  then  the  alt  astarmd  through  seal!  e-pnee*  he* 
tween  tha  wedges  as  shown  in  Pig,  1.  This  aiaieleed  tha  possibility  that  significant  sacirculeeisg  fit* 
patterns  would  occur  inside  the  chamber. 


Compressed  air  -res  eupptied  on  a  steady  ace:.,  basis  by  a  coawessar  plant  facility  and  vo#  has&ed 
using  a  turbojet  burner,  ihe  burner  ws*  located  «  eoaaldateblc  distance  (22?  cm)  upstream  of  the  rsauslc 
*0  that  good  mixing  of  tha  flow  could  occur  before  it  watered  tha  ooRSle.  flts  citjeeter  of  tba  dust  loer 
ad  between  the  burner  end  the  o^sslc  was  30,5  «*.  She  asa»J«  throat  di*j#Sur  wan  4.1  ce;  thus  in*  con- 
trection  area  ratio  ves  large  with  lew  velocities  upstream  of  tha  eessle. 


The  noise  produced  by  the  upstream  configuration  was  evaluated  fro*?  ssjesuramenta  obtained  with  a 
19  m  diems  ter  dynamic  sd.c-ephc.ie  probe  which  wsa  inserted  on  tie  cettfarlio*  fsuido  tht  iitg«  duct  «  a 
distance  of  70  cm  upstrewa  of  eh*  twasla  exit  plena,  Ihe  -  now  tad  sensed  the  static 

pressure  fluctuatieoa.  These  testa  were  conducted  under  cold  f.ew  (smbiont  tahperesutki)  ccodiciesis  over 
a  range  of  (stagnation  pressures  including  the  pressure  at  xAiich  ih#  hat  tiev  tfeit*  wars  s«*da.  She  up* 
stream  noise  insida  the  dust  was  p«doftix>4atly  a  pure  too*  at  5tC  Ssj  hoeaw,  por«  t&s*  sere  not  ob¬ 
served  outside  the  jat  ut»d*r  hat  flaw  coaditiouw,  Kecrs,  Cfc*  noise  ge»w*t?>3  ia  tbs  flew  uptfstaeo  of  the 
noxele  was  not  constearad  to  be  a  significant  eocftributioo  to  she  eJime  tadisted  itas  Eh-e  Jos. 


INSTffiJKBSrATIOa 


The  coisa  rauieted  "xm  the  jet  »**  «a*»*r*a  rith  3  m  sad  6  s&  dia.  &AX  •dcropftaaes.  'Say  «■?* 
placad  in  the  vi-rtical  peaitiao  each  chat  thv  cipa  wet  a  eo  a  howtsaatal  plea*  pawing  tb?^«ga  tha  .me£*Mrii«»a 
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Figure  1.  Aatcholc  Chtefcer  Test  Facility 

cs  the  jet.  Gance,  the  eeu$d  wave#  grased  over  the  surface*  of  the  sensing  alounti.  Sight  adcvophoues 
uere  located  in  it  60  cm  «Ut*eter  circle  out tide  the  Jet  strew*.  A  diagram  of  the  arrangement  is  «ho*m 
in  Fig.  2,  The  detected  nof.ee  aigcale  were  recorded  on  magnetic  tepe  end  ployed  bach  through  e  correla¬ 
tion  Inetrwetnh  to  obtain  croae  correlation*.  She  procedure  used  to  analyse  the  noise  signal*  it>  diocue- 
ced  in  Appendix  AS. 
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Figure 


iaatmeeatatioei  location* 


Croieed  Isaac  beeas  ft*i  h«Xt*afc.s*eo  source*  twf*  up  $a  *  ScfeUwan  syacaa  «u3  project «J  tbi'tngh 
the  Jnt  tt  thmm  in  Fig,  2,  The  beams,  sfeoyt  3  «a  ia  dteeata?,  wtr*  *ki1«et*d  ty  gradient*  to  t fee  ;•<- 
fr-cpiy*  inlet  thick  ie  «U«d  *9  the  deeeHjf  by  the  catttete.  %»ce,  fluctuation*  in 

dtwlty  could  be  obtained  fra*  *t$£tXe  detect ed  by  the  o«w*ed-b*5*  Se&U«*A  rtc»t»£0wnt ,  Cwe  been  wt* 
vetti cal  end  fiw  *jS£itier.st  Vaasa,  i^iefe'^ea  tes-lseetsl,  >*«t  separated  *»a&UU?  e-^toa*  tiss  d&eoter 
Cf  iAo  *<'t.  Soria  oaiil  s*y*“*ilou  eleeg  the  fl<*»  direction  »**  obtained  by  «*fes  the  laser*  to  differ¬ 
ent  dcrj.cg  so  esperfaeee,  ttwi  the  Jet  could  be  cceaMd  ta  both  dlteetfce*.  The  vertical  beam 

«elu  a?*o  Wees**  in  either  of  ema  « tract  lot*  fey  xipMitLi  «  *Arte*  cf  wirres-*.  Altggaecu  cf  the 
%£jfia  *A&ae  of  the  Sc fttldcee  ayatam  sad  the  r. .toon*  for  the  cfeacaa  aligatmttt  it  di aooeead  la  APpesdia  *2. 
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The  detected  laser  signal  *  vote  recorded  on  vagnetlc  tape  and  then  played  bsoic  through  >.  mrejaticn  In  - 
struasent  to  obtain  the  croae  correiat'oas  in  the  s«sa  sennet  as  tine  noise  signals.  The  analysis  that  vaa 
used  to  interpret  the  later  signals  Is  discussed  in  Appendix  A2  also. 

Radial  distributions  of  tha  seen  jat  velocity  vara  deSoroinad  frea  pitot  pressure,  static  pressure, 
and  free  (stagnation  temperature  asasursaaats  across  the  flow,  tfenensters  vers  used  to  vaaaure  ins  pres¬ 
sures  and  shielded  thermocouples  vara  used  to  determine  teaperaturea.  Eosarous  probes  counted  in  lice 
were  used  to  obtain  these  pressures  and  tesperatures. 

The  stagnrtloc  pressure  at  tha  noasle  inlet  was  wsaaured  with  e  pitot  probe  and  the  stagnation  tem¬ 
perature  at  this  location  was  obtained  with  a  thermocouple  probe. 

Both  Schilerea  (in  addition  to  the  laser  ay* tea)  and  shadowgraph  systems  were  used  to  observe  the 
flow  patterns  within  the  jar. 

5.  K03SLE  FLCH  ?KU> 

The  jet  flew  discharging  fro*  tha  noasle  exit  pl«ni  was  subsonic;  however,  for  a  portion  of  tha  dio- 
tance  dounstrvra  of  the  throat  within  the  nosale  the  flow  was  supersonic.  Consequently,  a  discussion  of 
the  flow  field  inside  the  nossle  is  needed  to  clarify  this  transition. 

At  the  norale  inlet  the  stagnation  tewpersture  averaged  over  nwesroua  testa  wee  1100°K  (1520°?)  and 
the  gvarasa  stagnation  pressure  was  3.48  bar  (50.4  pels).  The  variation  in  temperature  wee  not  wore  than 
±  15  K  md  tha  veriatieu  In  pressure  was  not  acre  than  ±  0.024  bar,  Th*  fits?  discharged  into  air  at  vir¬ 
tually  atwaspheric  ccndltione  inside  the  anechoic  chaster  frees  a  convergent  -divergent  tisoale  which  was 
considerably  overexpanded.  The  sawcurcd  prescure  inaids  the  amchoic  chaabar  wee  only  0,605  bar  lass 
than  atmospheric  pressure .  Plow  reparation  occurred  inside  tha  nosale  in  the  divergent  section  dewnetreea 
of  eno  throat  as  indicated  by  the  pressure  rite  shown  below  tha  sketch  of  tha  entile  in  Fig.  3.  At  tha 
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4,  fesaip  fias  Tisid 


flew  mwstios  locatitH  kV*  ft.  a?*f  sh»  tsgi  vs*  S4S  4s  shock  wave  eeaecisfcsd  with  the 

sr-SsreiVtc  vu  V»hr  tk*  -  MtS  *»asio  ii&wa  <jj  f^pare.  Shis  www  pr»J*ns*4 

«5tt**8*  and  tefcasreetsd  vllfc  4  ««s*b  SskosSs  ear  m»ia2  the  caaterliea,  ih* 

r6CUs$*$  c-bliijtre  vast*  4ea^«iy»  SSTtisSh  segss*  gatfafttitatt  «$»  *****  £«w 

sM  K3^Efat*d  Sow  $*£&&«  **$lse®U<g  *«•  £fesei  «  SNsend  fit*  is  tha  wall  staatft  ftM* 

sure  ««  InSiestad  6*t  Fi$,  t,  ssB  tha  isss  4bli$*e  »**e*  a* 

as  4t**ss?t**sa  «8  the  wats&d  ebi0^  wswsa.  £$&os*  «w>e!teS*rt  i&s  «6s*e**d  «*teucft 

in  thasa  i«e  regidwa  «an  t&l  IfsaS* 


Th®  neasuroaeants  that  were  n«4a  to  locate  Chesa  wxves  consisted  of  <1)  wall  pressures  fro*  which  tha 
flow  separation  and  eh#  angles  of,  both  of  tha  oblique  waver  we?a  determined,  end  (2)  pitot  probe  pressure 
saasuriwsnts  along  the  center lias  in  a  cold  jet  free  which  the  sslatancts  and  location  of  a  normal  shock 
wave  which  sweated  the  sale  was  established.  These  waves  vara  probably  curved,  rather  then  being  otreighfc 
as  shown.  Their  actual  shape*  era  cot  known  because  the  extent  at  the  weasuromts  was  too  United,  Ad¬ 
ditional  discussion  of  these  waves  and  the  corresponding  flow  field  nay  he  found  in  Ref.  5.  In  addition, 
tha  transonic  flew  field  in  taros  of  redial  and  axial  distributions  of  Hitch  Mo.  ea  detarwlned  experimental¬ 
ly  la  given  in  Kef,  6.  She  existence  of  additional  weak  oblique  shock  vevee  (cot  shown  In  Fig,  3)  which 
— anstsd  from  s  location  wear  tha  tangency  between  the  circular-arc  throat  end  the  conical  divergent  sec¬ 
tion  la  discussed  in  Kef,  7,  Flow  seperstloa  sad  reattSChsaat  that  occurred  in  the  vicinity  of  the  curved 
lalat  section  when  the  uoeutlc  islet  was  attached  to  a  constant -dieaster  duct  upstreaa  Is  presented  In  Kef. 
8.  Additional  flew  information  together  with  wall  hast  transfer  daasuremsats  which  show  the  boundary  lay¬ 
er  laainarisatlOQ  effects  appear  In  tat,  9. 

The  jet  was  steady  during  the  axpsriwtcts  discussed  hors  end  did  not  oscillate  about  the  centerline 
of  tbs  no* si*.  Such  oscl21atioas  did  occur  at  lewar  stagnation  pressures  whs?;  the  flow  separation  point 
was  farthsr  upstream;  however,  no  data  woe  nquissd  under  thoee  conditions. 

the  origin  of  tha  ’’free  jet”,  although  contained,  was  actually  inside  the  nosala  duwnstreen  of  the 
flow  (operation  point.  In  the  laser  been  awS  in  the  noise  analyses  tha  distances  along  the  flow 
(x-dlvectlon) ,  however,  ere  referenced  to  the  ncssls  exit  plena.  Just  downs tresw  of  the  Htch  disk  the 
diameter  of  the  jet  wee  estisated  to  be  about  6  ca  end  tha  Hach  Ho,  was  0.5,  The  jet  velocity  correspond¬ 
ing  to  this  ilsch  So.  is  310  s/sac.  The  velocity  at  the  nestle  exit  plane  vac  probably  senawhat  lower; 
hwfsver,  its  value  was  not  determined.  For  coovenlsncs  the  flow  conditions  are  given  in  Table  1.  All  cf 
the  shock  waves  were  contained  within  the  noesle.  Mo  such  waves  were  observed  in  the  jet  downstream  of 
the  exit  plena  with  Schlleren  end  shadowgraph  system*  that  were  used  for  this  purpose. 


Table  1 

Flow  Conditions,  and  laser  Beam  and  Microphone  locations 

Jet  Disaster  D,  at  Flow  Separation  (Pig.  3)  -  5.6  ca 

Mach  Ko.  at  Flow  Separation  (Fig,  3)  •  2  2 

Kcch  Ho.  Dotmatreaw  of  Boreal  Shock  (Fig,  3)  -  0.5 

Velocity  Dcwuatreaw  of  Mortal  Shock  (Fig  3)  -  310  w/sec 

Average  Kcaala  Inlet  stagnation  pressure  -  3.48  bar  (50.4  pala) 
Average  Houle  inlet  etagnatioa  temperature  *  1IOO°K  0,520*^) 

Aaechoic  chcsfcew  pressure  >0.96  bar  (14,2  psis) 
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6.  see  mu  nm 

The  .redial  dts^ributfen  of  th*  wean  waive  of  tbs  j«  velocity  Bt  woe  4otozisim&  £tm  ttytaursweets  of 
tHr  etp^katifii  pswasnce,  f&»  sSaAift  gttMftsr*  *M  the.  etsgastisa  iMenttaSssa,  VKit  velocity  dlst.rlhettoa, 
vertically  acroeo  the  iim&Bt,  i*  t&om  in  Fig,  4.*e  a  dlsttaa*  «'i  ilt  m  detastsaaa  of  tbs  mmt*  wsit 
pitas.  This  iistssc*  is  *bwi  .25  rnfmotnto  devest teas  ig  &m  fls#  esf*stt£fe&  tsmtisu  in  th*  ««tle 
wiifc  iho  jet  oUaeter  -Wait?  s#  the  fist?  **;j*35i*tea  dlswate?  *&«*  3,  It  i-  evldtwt  east  mi  this 

«*i«I  locetl*  the  wawiawie  jet  wlotitj  wee  shout  110  uh#c  (Hi  *  0.2?}  cad  that  tbs  dixsstw  ef  the  jec 
had  tKMp  to  about  80  «*,  the.  taglse  uf  highest  ekwr  (mhui  3t‘/3y}  at  this  oriel  io-itia?  c-s&t-rrwii  owes 
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a  radial  distance*  batvsen  about  5  and  15  cm.  The  ratio  of  tha  Jot  aaaa  flux  to  nosale  meat  flan  vaa  13.6. 

Alio  shorn  in  Fig.  4  is  the  radial  distribution  of  the  convection  velocity  of  the  eddies  Vc  Which 
was  determined  fro®  laser  beam  measurements  at  five  positions  spaced  vertically  across  the  disaster  of  the 
jet,  She  da*-a  shews  that  both  the  jet  velocity  and  the  eddy  velocity  are  reasonably  tyasmtrical  about  the 
centerline  of  the  jet.  Additions!  results  of  the  convection  velocity  are  discussed  in  the  nut  section. 


Radial  distributions  of  tha  stagnation  pressure,  stagnation  temperature  and  static  pressure  referenc¬ 
ed  to  eabient  conditions  ere  shown  in  Fig.  5,  It  should  be  noted  that  the  static  pressure  in  the  flow  Is 
below  ambient  pressure,  even  this  far  downstream.  If  it  had  bean  assumed  that  the  etetic  pressure  were 
the  same  as  the  eabient  pressure,  the  maximum  velocity  would  have  been  calculated  to  be  about  7  per  cut 
lower  than  shewn  in  Fig.  4  and  the  disaster  of  the  jet  would  have  hau  about  13  psr  cut  taaller. 


Figure  4.  Radial  Distributions  of  Hau  Velocity 
and  Convection  Velocity 


Figure  5,  Radial  Distribution*  of  Pressure 
wd  lenpereture 


7.  OOMVECTKW  VELOCITY 


The  convection  velocity  of  the  eddies  0.,  was  evaluated  at  the  sxiel  locations  where  laser  bean  mea- 
suraasnta  ware  wads  (Fig.  2).  It  was  determined  by  the  separation  distance  of  tbs  later  beau  g,  divided 
by  the  appropriate  time  daisy  r,  end  is  based  on  th#  loci  of  the  tangent  points  of  the  envelope  curve  for 
the  experimental  cross  correlations,  A  comparison  of  the  radial  distribution  of  the  convection  velocity 
with  the  jet  velocity  Is  shown  in  Fig.  4  at  s  distance  of  116  cr  from  tha  nestle  exit  plus.  It  Is  evi¬ 
dent  chat  tha  distributions  follow  tha  same  truds,  At  tha  centerline  tha  ratio  of  tha  convection  velo¬ 
city  to  tha  jet  velocity  it  0,9  and  near  tha  cuter  Units  of  the  convection  velocity  curve  shown,  the 
ratio  of  local  convection  velocity  to  local  jat  velocity  is  oar#  nearly  0,8.  Radial  distributions  of  the 
ccnvsct’^n  velocity  at  tha  other  axial  locations  are  shewn  in  Fig.  6.  The  distributions  are  essentially 
symmetrical  about  the  ceuterllna  and  the  pack  valuss  decrease  along  the  flow  direction.  The  crossover  of 
tha  curves  near  the  cuter  edges  is  s  result  of  the  spreading  of  ths  jet  u  the  distance  from  the  uoesle 
exit  plans  increases. 


£MS&N£I  f&GM  *30£2Us  EXIf  x ,  ca 


Figure  6.  S-ditl  CistrUtetloua  of 
flmmttte*  Velocity 


Figure*.  Axtsi  Distribution*  of 

■  CetwecUeo  Velocity 


‘:W'i 


Dirt nautical  along  the  axial  direction  at  various  radii  are  shorn  In  Fig.  7.  At  the  larger  radii 
the  convection  velocity  would  be  aero  at  the  noasle  exit  (outside  the  jet) ,  Farther  downstream  as  the  jet 
spread  to  the  particular  radius,  at  which  a  aeasurensnt  Is  being  node,  the  velocity  of  the  eddies  would 
be  observed.  A  maxima  value  would  be  expected  before  the  velocity  decayed.  Such  e  trend  Is  apparent  at 
radii  of  7,5  and  10  cm.  Near  the  centerline  there  was  a  continuous  decay,  A  convection  velocity  of 
125  e/tac,  which  te  based  on  an  average  throughout  the  jet,  was  chosen  far  evaluation  of  the  noise  auto¬ 
correlation  function  In  the  tsoving  reference  frees, 

8.  EXPEKXMQ&AL  MB31K  FUJttUAXXCSS 

Typical  cross  correlations  Qe,  of  the  density  fluctuations  vs  ties  delay  t,  are  shown  in  Fig.  8.  At 
aero  separation  distance  of  the  vertical  and  of  tha  horlaontal  beam  (?  »  0)  the  curve  is  syamstrlc  about 
t  *  0.  A  decay  in  the  intensity,  that  la,  in  the  peak  values  of  the  curves,  occurs  as  the  separation  dis¬ 
tance  la  incresssd.  The  upper  envelope  of  this  family  of  curves  is  a  smooth  function  aa  shown.  It  is  the 
autocorrelation  function  2TT  py  pi  in  the  moving  frees  of  reference  of  the  eddies,  that  is,  2ff  Q,  or  also; 
it  is  the  Fourier  transform  of  tna  fluctuating  density  spectrum.  The  locations  of  the  laser  beams  are 
shorn  in  the  sketch  in  the  upper  right-hand  corner  of  Fig,  8.  The  radius  of  the  measuring  station  was 
10,0  cm,  At  thia  axial  location  of  x  »  23,8  cm  tha  results  obtained  at  other  horlaontal  bees  positions 
resemble  those  shown  in  Fig,  8,  The  peek  correlation  values  > differ,  however,  as  does  the  steepness  of 
the  cress  correlation  curves,  and,  of  course,  the  convection  velocity. 
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Figure  8,  Experimental  Correlations  of  Fluctuating 
Density  vs  fists  Daley 


Distributions  across  the  Jet  of  the  rws  density  fluctuations  are  shown  In  Fig.  9  at  three  axial  loee- 
tions.  Tha  position  os  the  vertical  banm  wan  about  2  cm  off-axis  for  the  two  upatraes  locations  as  shown 
in  Fig.  2  and  given  in  Tabic  l,  but  it  was  oa  the  axis  for  ths  farthest  downstream  location.  At  Che  far¬ 
thest  upstream  location  (a  »  28.8  cm),  where  the  stagnation  temperature  ca  tha  axis  of  the  jet  was  esti¬ 
mated  to  be  about  1000  tc,  tha  ratio  of  the  re*  density  fluctuation,  at  a  radius  of  10  cm,  to  the  mean 
density  et  the  centerline  was  0,21,  At  the  farthest  downstream  location  (u  »  121.8  cm),  vbars  the  stag¬ 
nation  teapartfure  oc  the  jut  axis  had  decreased  to  about  4CO°K,  eh*  ratio  of  Che  sms  fluctuating  density 
eo  the  mean  density  en  the  j*t  axis  had  decayed  to  0.003,  Kfnlma  which  occur  in  the  tvcrlacntel  plana  pas¬ 
sing  through  tha  center  vi  tha  jat  are  inferred  fr-xa  ths  curvos.  At  23.8  cm  tha  distance  from  Use  flow 
separation  location  is  about  7  jse  diesmtsrs  basad  or,  the  flew  eapasstioa  dimes  tar,  At  68.4  cm  this  dis¬ 
tance  is  about  13  jet  diameters,  She  larger  fluctuations  at  13  j*»t  diameters  do  not  contribute  os  tench 
e«  th*  radiated  noiaa  as  do-  tha  fluctuations  far  that  upstream.  Shis  is  deduced  fwaa  the  results  ef  the 
twsism  data  discussed  in  the  next  seetifeu  Thera,  it  is  evident  that  the  *w*issta  noise  intensity  occurred 
at  about  4  jet  diamstess  from  the  flaw  tics*  loemfcion  tad  that  farther  detnsttasa  there  tm»  «  cm* 
tiuMcua  daurmate  in  noise  intensity,  Thus,  further  clarification  is  meedad  below  a  relationship  batmmsa 
tha  density  fluctuation  end  the  radiated  noise  can  be  uetshliehad. 

th«  largest  dwxalty  fluctuations  occurred  fct  the  larger  redial  maasur-leg  station*  ef  tha  Jet,  sc 
shown  is  Fig.  9,  in  the  region  or  the  highest  sIxst.  At  the  farthers  location  downstream,  about  IS  jet 
diesstara*  the  distribution  is  ssaaatiatly  mli&m  area  in  th#  region  of  maximum  a hast.  This  farthest 
downstream  position  is  vary  near  tha  location  at  which  the  radial  distribution  of  the  velocity  is  shewn 
in  Fig.  4, 

Diatributlcos  of  the  ta«t  significant  variable*  relate?  tc  the  ilac£«*ti»s  density  arc  shewn  in  tarns 
of  ilia  peak  t*a  flttcituatitf  density  (Fig,  ♦>,  tha  ceoveaticn  umlecSty  Qfigi  *).,  ami-  «ks  Hs»  scale  of  the 
msring.  density  cafeoeerveUtion,  m&ich  ii  tax  tim  delay-  'afc  wfeit*  ths  rme  dsasity  fluctuation  'km  s  value 
etual  in  on* -half  of'  is*  mmtSrnm  male*  (fie,  10).  This  tim*  ccal«  ia  nearly  ecmstaat  ia  tha  reatrei  re- 
Alda  across  tia  jet  Set  is  Ucgar  .at  rfw  rciiws  ef  12  am,-  whirfe  ecrt**y.m mdm  to  tha  radius  of  ifea  Fig,  g 
remuiss,  In  tha  cstnrrsi  raglea-ef  iXm  Jec  ih*  tims  scaler  *re  akemfc  0.25  siliisatci^ej  vversaa, 

the  cc*-t*apoBAic^  tier.  4*i**  **»!»  of  ffm-tmbm  mi**-**am  ■«*»  .hwrij  O.i  satiinwM  m  4ktonm 

ftm  tha  seise  oorrelaiicns.  4»sasiCJ*l  ie  tbawxt  eactism,  the  Asmsl'ty  Kestywiloc  urralattoms ,  bsw- 
ever,  should  set  Sa  tcafatwd  directly  with  'the  noire  cwtalaUtsut,  '  Tattfad,  «*-  HsniisU  ’in  Aggieii*'  A2, 
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it  Is  the  second  derivative  of  ths  py  pjj  fluctuation*  with  respect  to  tla*  dsloy  y,  which  Is  rslated  to 
tha  density  autocortrolstloo  **,  and  hsocs  to  the  noiss  autocorrelation  ta.  Hi^ttlWHl  axperinsatal  data 
le  required  bafora  this  can  ha  dona  with  sufficient  accuracy. 
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Figure  9.  Distributions  of  rns  Density 
Fluctuations  at  5  »  0 


Figure  10.  Tlats  Scale  Distribution 


The  decay  of  the  res  valus  of  the  dsnsity  fluctuati-MS  vs  bean  aspiration  along  the  flow  is  shown  in 
Fig.  11.  these  results  art  given  at  only  three  radii  at  aaeh  axial  location  for  clarity  but  indicate 
typical  trend*.  The  higher  sns  values  st  x  -  66,4  c*  at  the  largsr  rsdii  ere  evident  in  this  figure  also. 
It  is  apparent  that  the  decay  in  intensity  of  the  addles  in  the  nigh  shear  region  (outer  radii)  occurs 
over  a  cooperatively  short  distance. 
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Figure  11.  Decay  of  Density  Fluctuations  Seen  separation 

In  to*  expstineete  the-  tus-peius  comdatleo  ef  density  nuetsyfcfcm  Q,  waj  evaluated  fra*  the 
ccotttd  laser  b«*»  owwimutt  at  severe*  tocettoa*.  t'w*  chess  values  of  $  the  second  time  derivative, 
Vhich  is  routed  ta  the  tosuttoy  m-  ®be*torf  by  sates  of  *  sm&m  fsegean,  to  asrei* 

of  the  caeend  time  derivative  la  a hem  to  Vi*.  -Si,  &  thi#'  Upet*  iWuns  result  to  a*s£- 

wu«  value,  which  occurs  at  isaro  Ctoe  daisy,  its  l.oeatiws  at  shtoh  the  mm*  create*  the  bertocwtal  sal* 
it  aha*  Cite,  the  eigsiftawc*  of  tha.  yoat  value  to  that  At  «&  to  toeariuttd  toso  Sc.  (A2-2I)  together 
with  the  wen  velocity  «te4iaaS  eo  the  ftocUiStto*  totettoy  mU  tuc'&U&m  foaectou  Vd.  thee  £to 

eaistion^p.batwesa  the  A&etojetet-  dasgity  iasito  the'  Jet  asd  tto  fc#S*»  outside  can  ba  totoV 

littod  by  the  ktUttouefetp  hatmaan  Vg  met  the  dealuectoe  of  y,,  ia.dioj^ieesS  to  that  «u  eectiow. 

Dstsentoattoa  of  the  retociutoti*  b*wt«  Ag  ts4  toe***,  is  toy*e4  tto  teega  *4  chit  tovestSdetioa. 

9.  ustmiimm 

tolws  radiated  ire*  the  Jet  is  K**tee«4  to  too  ftoas  frvtottte  si  a  i/3  octave  hand  tasty- 
sis  cawpared.with  t-i^thiSl*e  ihtoty  c«  cecceeito  gvtoaugtfSs*  (ief,.  1)  together  vitb  e  conpcUsen  of  son* 
of  the  «*tu  fis®  tot*  of  Iwk  (sal,  f),  #'•4  toenwl  to- it  thetecteristo  to  tame  of  the  aeito  usees  corrs- 
Utioo.  aoafftoisat  ee  w?U  to  toe  actocaeroUtton  totoctoa  to  ths  towis*  vafersnee  free*  of  oh*  eiitoe. 
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Pigur#  12.  Second  Ttae  Derivative  of  the 

Deal  it y  Fluctuation  Correlation 

In  Fig.  13  the  differences  In  sound  pressure  levels  between  Llghthlll's  theory  end  the  experistentsl 
values  are  shown  as  a  function  of  the  non •dies nsloosl  frequency  paraamter  fD/a0 ,  for  varioue  values  of 
the  eoisalon  angle  |.  The  experlasutt  were  conducted  for  only  one  value  of  noenla  exit  velocity;  hence. 
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Figure  13.  eonparisoe  of  Differences  in  Sound 

Pwawre  tasiele  Kith  Ughtbill's  Theory 


eoeperisnne  near  c  velocity  taage  are  not-tatde,  ¥i-m  esparleantal  result*  sheuu  ware  obtained  with  sdcro- 
yfceos  Soe,  9  threegli  14  ahsea  in  Fig,  2.  The  leuctiees  of  these  adcrefiw&se  ate  given  in  Table  1.  X* 
cedar  to  i*  c«**i*t*&6  with  the  nodal  of  conyecead  source*  the  observed  frequency  la  corrected  for  * 
Dcfplep  shift  an  that  the  a&ns  aowrea  frespoaecy  Is  mw*  »#4  for  any  aulas  foe  angle.  The  aquation  for  this 
seleciauhip  is  t$t«s  of  the  l&toaslcy  teiemcced  Co  so  amlaaion  eagle  of  Vr  It 

«L  X  (  f  {[i  -  K,  cos  p]J  +  »2  H  ,  SO0) 

*  «m>  *  h  — £ — (i> 

h  ^1  -  Kc  cos  8]2  *  «8  K?*} 

SquaUOe  (?)  <t  Used  on  Ughtim'*  prediction  for  the  far  field  intensity  of  the  noise  gat*tace4  by  e 
turbulent  flew  as  vwiiiUd  by  Ffaascs  Killians  (Saf.  19)  to  apply  to  the  noise  reiietei  frees  a  jet.  See 
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elao  tha  diecutisieo  by  bush  (Kef,  2). 

Lush  ihowcJ  good  egeymer.fc  between  LtghthiU 'a  theory  and  hi*  experimental  results  for  eni«eioa 
•ogles  aecr  90°  over  a  ilgaii'icent  rang*  of  the  frequency  pareamter.  The  date  of  the  present  investiga¬ 
tion  if  referenced  to  ta  asslMlso  eagle  of  78  which  Is  considered  sufficiently  near  90°  for  ertrepola- 
tioo  to  90°  without  wch  loss  In  accuracy.  Thus  for  the  reference  condition  of  g  -  78°  Eq.  (2}  becomes 


S  <.%*> 


[1  •  Mc  cos  ft]2  +  o2  Mc2 
ft  '  He  cos  78]2  4  cFx* 

ft  -  He  cos  6]2  »  a2  Me2 
Cl  -  Me  cos  78]2  +  J 


(3) 


The  date  of  the  present  experiments  shown  in  Fig,  13  were  corrected  with  the  use  of  Eq,  (3).  Furthermore, 
the  convection  velocity  Uc,  was  chossn  to  be  200  «/ sac ,  Thus  0,38.  This  selected  value  of  Uc  is 
basal  on  the  distributions  shewn  in  Fig.  7,  At  the  nosele  exit  (x  »  0)  the  radius  of  the  ;Jet  was  ebnut 
3  cm;  hence  17.  *■  200  a/eec  and  since  Uq  “■  310  a/sec,  'JcA7q  »  0,65.  This  is  the  eema  value  of  U./Uq  used 
by  bush  who  wede  use  of  the  resulta  obtained  by  Davis,  Fisher  end  Barrett  (Kef.  11),  The  quantity  a  was 
chosen  to  be  0.3  as  used  by  Lush, 


The  results  In  Fig,  13  indicate  that  for  low  angles  end  high  frequencies  Lxghthill'ii  prediction  (the 
taro  43  line)  la  higher  then  the  experimental  data.  This  probably  occurs  because  of  tbo  absence  of  ap¬ 
propriate  accountability  in  the  theory  for  the  affect*  of  refract  ion  of  the  nolte  by  the  >-10*,  end  of  the 
convection  amplification  which  results  from  the  source  moving  with  the  fleet  or  more  elcwrly  than  the  flow. 
At  low  frequencies  the  experiment  el  results  ere  in  reasonably  good  agreement  with  the  t'isory  especially 
at  the  larger  angles;  however,  there  ie  still  an  effect  of  tS*e  emission  angle  at  the  swells?  angles.  The 
comparison  of  the  results  at  p  •  35°  with  that  of  Lush  at  p  »  34°  is  quite  goad  over  the  entire  frequency 
par  caster  range  despite  the  significant  difference  lu  the  stagnation  temperatures  of  the  two  seta  of  data. 
This  is  the  only  emission  angle  coemon  to  the  date  of  Lush  end  to  the  data  of  the  pretest  investigation. 


Characterisation  of  the  rsdiated  noise  in  terms  of  the  autocorrelation  function  rfa,  in  the  saving 
frame  Of  reference  of  the  eddies  ie  shewn  as  e  three-dimensional  display  in  Ftft,  14.  in  this  case  the 
convection  velocity  wee  chosen  to  be  12S  re/eac  0%  “  0,34),  instead  os  200  c/sec,  bariausa  the  lower  value 
ie  more  nearly  a  wean  value  over  the  extent  of  the  jet  as  can  be  aeon  in  Fig.  7,  The  effect  of  the  con¬ 
vection  velocity  co  the  resulta  ie  largely  associated  with  the  relationship  between  the  time  t,  end  the 
distance  x.  Since  the  correlation  la  determined  primarily  free  geometric  considerations,  the  distance 
scale  in  Fig.  14  would  cot  be  effected  very  issch  by  such  e  difference  in  velocity  but  the  time  scale 
would.  The  autocorrelation  function  uy„(tt  & t)  reaches  e  maximum  at  eboet  13  ca  (Jwmitrcc®  of  tha  res¬ 
ale  exit  plane  and  then  decay  a  to  a  email  value  to  about  $  allllaacacada  or  approximately  43  cm  from  the 


wy»te.  the**  diettaoe*  emsiepcod  to  *«**,?  U  cmi  S3  fat  diameter*  fw*|*.-:tively  f«**  tfee  flew  mapase’ion 
Inept  ten  la*ide  the  metal*.  The  method  *8  meet** ti«g  m*  asAeidtttsbJSfsaa  functic^  i*  dieewsaad  in  An. 
pestiix  A3  te-i  ie  AmtwseereUd  by  *A»  nee-  of  e^serieel  sxs-'&mM;  In  tha  w«t  pi(r44ref£.  to  ec^fjire  the  ctre* 
corrciteicaa  frsm  rfcich  thee*  result*  war#  Uhteiaed  ti-xtvjb&M*  v*r*  too *t*l  ia  *  ct.ttte  ms  shewn 
is  Tig*  l,  vu  aagu£*»  reglen  8*  c*m**3  by  the  e-tss*d«  ***e*:,  mw*  tiitwjman,  shout  58  Si*,  the  «f- 
fscce  ef  reirettioo  s*i  cwwectiga  mepJiflcettrm  ere,  *€  ewaree,  iwdieM  in  the  etyaHeabd  rtuuite  even 
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though  the  moving  point-source  theory  doe*  not  take  these  effects  into  account. 

The  foilwing  numerical  example  la  a  description  of  the  c-athod  that  vas  used  to  commit#  tha  autocor¬ 
relation  function  shown  In  Fig.  14.  A  constant  convection  velocity  of  the  eddlta  vas  assumed  although 
allowance  for  a  variable  velocity  could  be  incorporated  into  tha  procedure.  Three  frequency  bends  center¬ 
ed  et  1,  3,  end  9  V2s  tilth  tt  ■  3  vsra  uaed  to  evaluate  <Sj,  (At)  using  2q.  (A3-3)  in  Appendix  A3.  Note  that 
thic  a  refers  to  frequency  bands  of  Eq,  (A3-3)  and  differs  froa  the  a  of  Eqs.  (2)  and  (3).  For  a  -  3, 
the  handvldth  is  shout  1.6  octaves.  The  tima  increment  5,  ehlch  wee  used  to  eveluete  g.(t2)  in  Eq.  (A3-21 
vas  1.0  as.  Five  increaenta  vere  used  which  aade  it  neceaaary  to  datarolne  at  6  nodal  points. 

The  experiaental  correlations  C(T) ,  were  evaluated  froa  the  signals  of  the  following  pairs  of  micro- 
phonas  shown,  in  Fig,  2:  1  snd  5,  2  and  6,  3  and  7,  and  8  and  4.  Also,  tha  autocorrelation  of  microphone 
So,  1  (1  and  1  with  tine  delay)  vao  usad.  As  an  example  of  tha  chaps*  of  these  curves  th<  experimental 
cross  correlation  for  Nos.  8  and  4  and  tha  autocorrelation  of  Mo.  1  and  1  with  time  delay  ere  shown  in 
Figs.  IS  end  16,  A  fixed  value  ofTirii  particular  orientation  of  a  microphone  pair  determine  a  line  In 
the  At,t2  plana.  The  correlation  C(r)  ia  a  line  integral  of  nvn  along  this  line.  To  obtain  information 
about  n*a  in  various  ragions  in  this  plane,  different  varieties  of  such  paths  (snd  thsrefore  different 
orientations  of  microphones)  war#  chosen.  Points  ware  than  taken  from  each  of  these  correlation  curves 
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Figure  13.  Comparison  of  Calculated  Cross 
Correlation  Coefficients  with 
Experimental  Values 


Figure  16.  Comparison  of  Calculated 

Autocorrelation  Coafficisnt 
with  Experimental  Value*. 


at  different  values  of  time  delay  t,  thereby  establishing  a  tat  of  siaultenaous  aquetione.  In  theory, 
only  «  total  of  18  valuta  was  required  to  evaluate  tha  unknown  coefficients  since  the  number  of  nodal 
points  chossa  wee  6  snd  tha  number  of  frsqaehay  hands  net  3.  However,  a  total  of  about  IPO  uau  u-jed  for 
better  smoothing  aince  the  cowputstion  method  involved  the  u*a  of  inversion  by  least  squares.  The  scurce 
f  mctioo  in  terms  of  tha  frequency  cad  time,  i.#.,  ny,.f?t,i2),  obtained  by  this  method  for  tha  three 
beads  (kef.  12)  is  cwcietcat  with  observed  trends  for  subsonic  Jets.  For  eveaple,  the  tsoic.a  sources  at 
c-igha?  Srequeneiaa  occur  near  the  caul*  sale  end  tha  lower  frequencies  extend  over  a  targvr  distance 
alcag  the  jet. 

A  check  cm  ths  inversion  by  least  equares  ef  tha  coapttUttee  method  using  the  cosrso  time  stap  was 
obtained  by  tnearting  tha  competed  cc^fficisots  into  Eq.  (A3-1)  and  calculating  values  of  C<r).  These 
ossst«S(K  value*  ant  in  H$»t  IS  aid  IS  £9*  csagariscc  with  the  experimental  valus*.  It  is  evident 

that  ths  egriweat  ia  very  good  end  bsacs,  fast  the  ittvarelou  gives  good  results. 

10.  oAvZdoixc  msaass 

In  this  fwuctgattoa  «Br**ri**«t*  vara  ocedutted  oa  a  htgh-tesparatur*  subcoair.  Jet  which  sapsreted 
at  a  supersonic  velocity  laai#  the  dive££*c£  potties  of  a  nocalc.  Tfcs  esaeratsd  jet  flow  progressed 
through  a  shack  serwefcts*  tsBfcai&ad  metirwly  within  the  sosslt  ami  than  baesma  svbuacic  before  It  reached 
tha  aofcsle  exit  plane  . 


tt  «m*  dsssoeettvied  from  vacewswemce  o&talted  with!*  tb*  Jat  flow  outaid#  tha  ocatl*  using  spatially 
wpajetfrf  cseeaed  lease  Uaaa  tee  up  as  a  tcfcliurdu  eyetem  that  tie  wot -a  source.*  can  be  ciwreetastlaai  by 
rsdiel  and  axial  the  caevetcia*  velocity,  tie  wsguitrde  at  m  Asmslty  flnsfcastiome,  sad 

by  corrolatioeA  of  tie  deacity  iisAtmatiam*  in  the  swiw  free*  of.  r* fnesaae  of  ths  tddise.  Liiwise,  the 
rediatsd  mbido  *•*»  ciiirantwrfiasJ  by  coxstlatzeaa  at  aSgaaJe  detect**!  ttor  jcaiv*  os'  spatially  eepereted 
micraphoaM  dutsifc*  tha  j«,  ieiaud  «e  this  tachai^sn  cf  the  r*ii atad  aei«e  co.-Aited  with  the 

van  of  tha  «***tU«e  velocity,  the  aa£6*j*yelttl«*  tottc.'  of  .the  tbtiaa  in  tint  moving  i*?#*a*e*  freer 
of  the  *>3dias  was  tvstet a*  tagatfca*  miff;  tha  L&t  malty  cad  its  spectral  dlstribytium.  Tha  analyse* 
of  tha  aoiae  tvtmi  .tad  aS-  the  maiae  as*  b***£  00  emsrUg  pai-et  Mura**  is  eJ;a  Jet,  A  feature  ef 

thaw  apf vaettrn  £*  that  they  will  lead  to  tha  deta-wiritioa  a£  a  telttiassship  hwo  the  ccisa  source# 
i**4de  th*  jac  ami  the  radiUtal  melt*  tmfcwldm  tha  let  baaed  *-e  eaparisaatal  w*«twr<rtt~te. 

CamjWEsiasssa  at  tha  <Wf*cte»3al  '«i«a  rwaalte  wish  LvV.uil's  itemy  of  comvactad  qu*dsvy#i«  tadi- 
S40d  sgemtoeeA  tc  ths  lews*  fsmgveuctaa,  oc^acikily  at  the  Urgfr  idwUe  angles.  At  Its*  cs^isa 
add  as  biih  CrereauaiM  ^racictLom  Ia  hussar  tMc  t«s  data.  It  ia  hr  I  laved  thtt  this  diSffac- 

ms*  miss  pricaxily  itoe  mrgrorffrgi  tie  UCut*  at  taitmakkm  and  of  Ueiiaeiaae  ia  the  ncca«at.«fe>il£tv 
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of  convection  amplification  in  the  theory,  The  experiaantel  noise  mules  at  om  constou  emission  angle 
sax's#  quite  well  with  the  dsta  of  Lush  even  though  that#  Ms  a  larg*  difference  In  the  stagnation  tempera¬ 
ture*  of  the  jets  investigated. 
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A  1  AUTOCORRELATION  FUNCTIONS  0?  A  MOVING  KOINE  SOURCE 

Autocorrelation  function*  for  tha  fluctuating  density  of  «  Moving  nuica  source  cat.  bo  datsrainad  for 
a  jet  flow  from  MeasureMBnis  obtained  by  the  croaasd-beaa  lasor-Schliaren  method  described  In  Appendix  A2. 
In  addition,  such  functions  £ os  tha  rfidtetad  noise  can  be  detaminad  froai  tha  cross  correlations  of  the 
signal*  detactad  by  a  pair  a£  nicrophones  aa  dascrlbad  in  Appandix  A3,  The  Moving  source  autocorrelation 
functions  as*  iatvn'tsnt  because  they  can  be  used  to  obtain  e  description  of  the  eneiro  noise  field.  In 
the  ■novinjj  reference  (tern  fluctuations  occur  more  slowly}  hence,  greater  accuracy  in  tiwe  derivative*  in 
obtainable,  Thus  the  Intensity  end  spectra*  of  the  fluctuating  density  within  tha  jet  and  th*  intensity 
and  opectrua  of  the  noice,  which  ie  related  to  tha  radiated  sound  pressure  outside  the  jet,  can  be 
evaluated. 


The  autocorrelation  function  in  the  ooving  frees  of  reference  of  the  eddies  say  ba  determined  as  fol¬ 
lows;  First,  let  G(x,t)  be  a  fluctuating  rasdoa  acular  function  in  tho  turbulent  jet  flow.  In  the  present 
Investigation,  for  rxaaple,  it  would  represent  the  fluctuating  density.  At  every  point  x  *  convection 
velocity  Up(x)  is  defined.  If  now  s  hypothetical  probe  it  considered  which  senses  a  fluctuating  quantity 
and  which  follow*  the  notion  of  the  eddies  at  the  convection  velocity,  the  eigne!  observed  would  be  given 
by  GQ'o'f’Jp  Uj,  dt,t)  where  xg  to  the  initial  position.  Thus  the  quantity  G,  ie  a  function  of  tiwe  only 
because  *  is  e  function  of  time  to Van  along  the  trajectory  of  the  probe. 


Thu  autocorrelation;  function  obtained  from  the  signals  at  different  titsss  (different  locations)  for 
a  probe  Moving  at  the  velocity  U,,  is  givta  by  the  ensaaMe  average  of  G  as  follow# j 


^^fe+^dt.t)]  [G(«0  +  ^,T1Iedt.fPT)] 


The  Measurement  obtained  free  th#  probe  at  one  tlae  after  having  bean  delayed  by  a  tine  interval  t  is  tnl- 
tiplisd  by  the  Haasuresent  fro®  the  cans  probe  obtained  se*3Wtia*  later.  If  it  is  assumed  that  G(x,t)  is 
locally  hooogeceous  and  locally  stationary,  that  la  the  Maas  value  of  6  is  not  changing  with  time, 


<  Kvci)  c(vt2)>-^ 


(Al-1) 


T  is  a  olowly  varying  function  of  x  and  t  whir,  fchs  flow  is  approsimatsly  homogeneous  aoi  approximately 
stationary,  For  Jata  that  ere  strictly  stationary  there  Is  only  a  slew  change  of  y  with  x  end  for  thia 
case  the  right  side  of  Eq.  (Al-1)  la  equal  -o 

t+T 


that  ie. 


+  J* 

\*X) 


Si* 


(t)dt;  ^ 


fcl)  or  T(*!  4 

(t)T,r)  , 


V  dt,r) 
-v  / 


This  veries  slowly  with  t  snd  rapidly  with  r,  Th*  coordinate  x.  refers  to  the  initial  point  et  tftt  oossle 
exit.  This  is  the  function  which  is  obtained  fro®  the  laser  be«  cross  correlations  described  In  Appendix 
A2.  These,  the  aw  t  hod  of  obtaining  the  autocorrelation  function  in  the  now  lug  fr<w*a  of  refevenca  is 
devalopsd  fro®  the  swasuressme*  of  signals  detected  by  the  use  of  stweioonsy  beasts.  The  noise  autocorre¬ 
lation  function  Is  converted  to  th*  ooving  reference  fraaa  by  Introducing  tha  value  of  Uc  datareinad  frea 
the  laser  data. 


A  2  LASER  SCHLIEHEH  AHALTSIS 


This  discussion  pertslns  to  ths  evaluation  of  the  autocorrelation  function  of  the  fluctuating  density 
for  an  ohaarvar  that  novas  along  tha  Jat  flow  at  tha  convection  velocity  of  the  eddies.  The  autocorrela¬ 
tion  function  In  this  Moving  frasta  of  raferencs  can  be  obtained  frca  the  detected  signals  emitted  by 
stationery  laser  beeaa.  This  can  be  done  either  If  savaral  beans  are  displaced  along  the  flow  direction 
or  else  If  one  of  the  beans  is  Moved  to  different  positions  at  which  data  la  obtained.  The  analytical 
procedure  that  will  be  followed  is  an  extension  of  that  used  by  Wilson  and  DaaAevala  (Ref,  13) ,  A  sketch 
of  e  typical  eiTacgeaent  Is  shown  In  Pig.  A  2-1. 


Figure  A  2-1.  laser-Schliereo  Axrauiwvnt 


Figure  A  1-2.  Coardtaate  Area  a,  y,  «  and  5,  >5,  J 


Ae  abeve  its  ?lg.  A  2-1  thus  origin  of  the  coirrcfoJtea  *,  y  and  *  is  c*  Ow  centerline  of  the  notate  at 
the  ts.it  plane,  1% is  fixate  represents  a  vivw  looting  tpstvem  seta  fcke  )»t.  Alt*.  ibe-  coordinate* 

5.  15  end  (  are  ie  tbs  dtrectice*  *,  y  and  «  reepeettvely  test  their  origin  Is  *c  tie  location  tdrere  tbe 
vertical  end  the  horlsactsl  laser  bit  jam  irtersvec?.  If  tba  vest  let  1  end  the  horUmCel  bests*  era  separat¬ 
ed,  tMi  origin  U  located  an  the  vertical  fees*  at  the  i star  tact ice  with  a  bariaaotai  fits*  y*-m4  through 


the  horizontal  b*n.  Thus,  the  dl*pl«c**ent  of  •  horlsontsl  bees  along  ch«  flew  direction  frcti  the  varti 
cal  be a*  i*  taken  to  b«  f  S,  The  coordinates  in  three  dieansloaa  are  shown  In  Fig,  A  2*2. 


As 

index, 

by 


the  taem  passes  through  the  jet  it  is  deflected  wherever  there  is  a  gradient  in  the  refractive 
It  can  be  sfcuwu  that  if  n  ia  the  refractive  index,  the  angular  deflection  y,  of  the  bees  le  given 


Ya(0  - 

(A2-1) 

Yv(t)  - 

l  g* 

(A2-2) 

The  subscripts  H  tnd  V  refer  to  the  horizontal  and  to  the  vertical  bearw  respectively.  The  distensions  h_ 
snd  Lr  represent  those  portions  of  the  beau  lengtha  which  lie  within  the  Jet  diaaater.  Gradients  of  ** 
the  refractive  indax  in  Eqa ,  (A2-1)  end  (A2-2)  era  taken  along  the  flow  direction  because  it  ia  only  the 
deflections  that  result  fren  these  gradients  that  will  give  correlations.  If  gradients  perpsndieulor  to 
the  flow  are  sensed,  Schllaren  signals  will  ba  obtained;  however,  their  cross  correlations  would  ba  sere. 
Thus  the  knife  edges  of  the  Schlleven  system  oust  be  aligned  perpendicular  to  the  flow  for  both  tha  verti¬ 
cal  and  tha  horizontal  be  mss. 


The  output  signals  of  the  Schlleren  detectors  say  be  expressed  as  follows: 

*H  “  SH  'n  VB 


(A2-3) 


®v  “  ^  Yv 


(A2-4) 


S  is  tha  sensitivity  and  t  the  bean  length  betvean  the  edge  of  tha  jet  end  the  detector  (Fig.  A  2-1, .  The 
signal  froo  the  horizontal  bean  is  delayed  by  a  time  interval  T,  and  thereby  a  correlation  with  the  other 
signal  is  obtained  which  la  the  average  of  the  product  of  the  angular  deflections  ea  follows: 

<  YH  (t  -  r)  Yv  (t)  >  -  |*  f  <  [||  Ct  -  T)1  (t)]  >  dljdC  (A2-5) 


The  relationship  hatweec  the  refractive  Index  and  the  density  is  &n/3x  »  e  [Sp/fix]  where  c  i^  the 
Gladstana-Dale  constant.  Then,  if  Q  is  defined  as  the  experimentally  determined  cress  correlation  func¬ 
tion,  its  value  in  terse  of  the  density  gradient  is  established  by  combining  Eqa.  <A2-3)  and  (A2-4)  to 
eliminate  y  end  n,  snd  by  introducing  tha  relation  between  the  refractive  index  and  the  density.  Por  con¬ 
venience,  the  quantities  obtained  frra  meesuraaarts  are  grouped  together  and  oquated  to  those  quantities 
under  the  integrals  that  ere  to  be  determined.  Thus 


<  etjft  -  t)  e^t)  > 

VvSV 


V*,y,s'?‘T) 


f  r  <  C*,y  +  S,t  -  T)  (x  +  S,y,t  +  >  dljdC 

w 


(A2-6) 


In  Eq.  (A2-6)  by  denoting  functions  of  (y  +  h) ,  («  t  5)  and  (s  ♦  C)  it  ia  assumed  hat  !  .i  general  the 
laser  beams  do  not  peas  through  tha  axis  of  the  Jet.  However ,  this  of  course  la  r  c  a  requlreawnt . 


A2-1  Statiouarlty 


Kcc«  that  Q  lr  Eq .  (Al-o)  is  not  a  function  of  tha  ties  t,  because  of  tha  ttatlociarity  of  a  real 
jot,  Thle  la  a  Valia  aseumptlcv*.  becauaa  the  tisu  perKd  t,  is  orders  of  magnitude  tarter  than  the  time 
delay  t,  \*ich  is  uMiurej  «tt  alllixcco 'dr . 


A2-2  Kpaager.tity 


If  in  addition  to  loc-1  *■  jtloca:  ty  th  fluscuat ‘ oca  are  considered  to  be  houogenaoue  over  die- 
txncee  to*  vh!.»:h  the  correlation  In  the  inte^iand  coettiKsta*  appreciably  to  the  integral,  that  is,  if 
there  is  a  seek  dependence  ea  x.  >■  and  r  but  a  strong  depetidenc*  on  ?,  Tj  and  (, 

■i  x* 

T)  (x  4  -,y.o  c.^  >  "  -  <  p(x.y,«.t)  p(x  ♦  ?,y  -  !}.«  r  C.t  *•  > 

6? 

x? 

*  -  ^Qte.y..;  5.  -  C.  r)  (A?.?j 

H 

Tha  defined  quantity  Q,  it  the  cwc-phla*  cor  relation  femttiea  of  tha  fiuctueticg  density.  In  e  real  jet 
the  omdftiac  of  hcmogasmitir  ia  set  ttrictly  satisfied  because  of  the  grearth  in  diameter  along  the  flcv 
direction  (dsvelcpwiet  of  the  flow  with  reepest  to  praittep},  'tewvrthileas,  at  bead  locations  <toenstre«a 
of  the  nacslc  «xlt  plan*  the  influence  ef  changes  i=  *,  “  vxc  (  oc  the  value  of  Q  ia  atsch  gra  car  tbxu  is 
tha  influence  of  the  ease  chaoget  to  x,  >  and  a. 


<  £  <*•>  +  “•*.* 


It  is  petwdxsi  sl<-  to  *»r*tvs  the  limits  of  iscxgrstir*; 

tic*.  ii>  the  ! xtagrewS  vroiaftee  fow  large  diataecas  of  *.  wed  C,  that  ie,  bayond  tie  botnvdasies  of  the  eddy, 
which  cam  he  mo  l&tgnr  the*  the  jet.  Tha.-,  owtliutloo  of  iqs.  (iI-4)  cod  (A2-T>  givec 


at* 


-  C,  f) 


A2»3  Isotropy 

•cam HtmawMb 

The  quantity  to  bo  dottrtsinei  in  Eq.  (A2-8)  is  the  autocorrelation  function  Q;  consequently,  this 
equation  euafc  be  inverted,  Zn  order  to  simplify  this  procedure  the  fluctuations  will  be  considered  to  bo 
isotropic,  the  aaauwp'.lon  of  Isotropic  fluctuations  implies  that  fisted  values  of  the  cross  correlation 
coefficient  (■?$  spheric.  1  eur faces.  Furtherance,  it  implies  that  so  the  addles  sove  downstream  they  b**- 
cam  larger.  Actually,  however,  the  peak  cross  correlations  bece&s  rssller;  hence,  tht  "sines"  (redii) 
of  tha  spherical  surfaces  bacoae  smaller  until  thay  finally  diminish,  Nevertheless,  by  assuming  isotropy 
Eq,  (A2-8)  becoaSi. 


<3s(*»y,*;  5,t)  »  -  /  j‘  ^-jQ(x.y,s;  J  [5  «  0J]2  +  T]2,  £2,  T)  dl|df. 


(A2-9) 


2  2 

Note  that  in  Eq,  (Ai»9)  the  quantity  L?  «  Uct]  has  been  substituted  for  |  .  -jc  is  the  convection  velocity 
of  the  oddles  along  5  (the  flow  direction);  th* re fore ,  by  this  substitution  Eq.  (A2-9)  has  been  converted 
into  tha  woviag  fr asm  of  reference  of  the  eddies.  The  inversion  can  be  accomplished  by  a  change  of  ver- 
iabisa  and  oathsaetlcal  manipulation.  Thus,  define  R  end  p  as  follows; 


R  -  ^  [S  -  Uj]2  *  ll2  +  £2 


r  -  u  f 

®  c 


(A2-10) 

(A2-17.) 


Next,  consider  the  influence  or  x,  y  and  s  to  be  sot  11  compared  to  5,  T|  and  Q  and  combine  Eqs,  (A2-9)  and 
(A2-I01. 

*  m  2 

Q  «.r)  *-11^1)  a,r)  dll  (A2.12) 

8  -cc  -m  35 

Thsn  it  cau  be  shown  that 


M.C.T 


5R  R 


(A2-13) 


afal  . 

riaal 

^2  !  JR  R  SR 

Lr  »  J 

(A2-14) 


1.C.T 


The  area  integral  T  T  dTldJ  of  Eq.  (A2-12)  which  is  the  cross  aectional  area  of  the  jet  can  bs  evaluated 
by  the  following  change  of  variable: 


r?  a  H2  +  C2 


(A2-15) 


The  Integration  of  r  is  from  0  to  Thus 

<X>  09 


J  X  «HC  -  X  X  rdr 


(A2-16) 


Tor  integration  across  the  radial  plane  ^  ant.  t  are  consrant  and  from  bq.  (A2-10)  it  can  Is  shown  that 

rdr  ■  RdR  (A2»i7) 


The  integration  of  X  is  from  p  to  ®.  Therefore  Eq.  (A2.12)  becomes  tha  foilowiog  after  introducing  Eqs. 
(A2-I4) ,  (A2-16)  and  (.  2-17): 


qs(?,t)  -  -  2rr  X, 

By  Integration  Eq,  (A2-18)  baooems 


sdp 

rIv  8  aK  R  dR  5 


(A2-18) 


-  21T  tn  Q  fciV)] 


(A2-19) 


After  a  second  Integration  and  aotiug  that  p  «  5  «  8  r,  the  desired  autocorrelation  function  Q  can  be- 
cbe  dependent  variable.  ’ 


l  f  5l*W  * 

Q(^T)  “  2TnX 


S-V  r 
c 


QgC^.T)  d£ 


(A2-20) 


Thin  by  applying  L ‘Hospital 1 s  Rulo  to  Eq.  (A2-20) 

1 


S<°. V  *  k  |JW‘ 'VJ 


(A2-21) 


Thue  the  inversion  has  been  completed  for  tie  cofiditioo  of  isotropy.  The  quantity  Q  is  evaluated  free 
Btasuvsssatr  made  with  the  laser  bc**9  that  project  tl.r-sjgb  sr.a  flow.  These  wotiurefe^tt  are  lotegra- 
ticas  serves  the  oddles.  It  css  be  shown,  however,  that  it  ecy  fired  -alue  of  tiss  dqlsy  r,  the  point 
|j  *  0  correapcwd#  to  the  neximaa  vf.lue*  of  the  Q^(5.t)  vs  5  niws.  This  is  accoe^liebod  by  a  Tsylor 


2-A2-4 


strict  *xpansion  end  by  the  requirewane  of  *y»*try  around  p  ■  0.  It  means  that  the  convection  velocity 
Dc,  introduced  into  Q  la  Eq,  (A2-9)  can  he  evaluated  experimentally  from  the  Q5(|,t)  curvet.  This  con¬ 
vection  velocity  bet  significance  in  itself  j  however,  it  it  el  to  introduced  into  the  relations  that 
characterise  the  radio ted  noise. 

The  quantity  which  is  valeted  to  the  noise  source  tern  in  the  acoustic  equation  is  the  second  deriva¬ 
tive  of  Q(0,Tj)  with  respect  to  time  d„ley  t,  the  subscript  1  denotes  the  values  of  t  which  establish  the 
envelope  of  the  f sally  of  cross  correlation  curves.  Thus  the  noise  radiated  outside  the  jet.  is  related  to 
tha  fluctuating  density  inside  the  jet  as  follows: 


(A2-22) 


The  validity  of  the  assumption  of  isotropy  for  tht  fluctuating  density  is  not  knows  by  experiment  at 
the  present  ties;  consequently,  the  possibilities  of  relaxing  this  asswaptlon  by  means  of  other  model*  are 
in  order. 


Consider  s  acre  realistic  concept,  that  for  vhlch  the  surfaces  formed  by  constant  values  of  tbs  cross 
correlation*  are  ellipsoidal  (rather  than  spherical)  with  the  major  axis  e,  oriented  along  the  flow  in  the 
§  direction.  The  other  two  exes  t>  and  c,  are  not  necessarily  equal,  For  this  case  Eq.  (42-9)  may  be 
written  as 


Q,(*.y.*;5,T> 


(42-23) 


By  following  the  sans  procedure  of  inversion  as  for  the  isotropic  case,  Eq.  CA2-21)  bournes 

2 

«a-V-fe[fc]L“.(v-v] 

Eq.  (42-24),  which  applies  for  ellipsoidal  surfaces  is  the  rase  aa  the  isotropic  eolation  except  for  the 
factor  [«2/bc],  Bence,  it  la  apparent  that  this  ter®  i  net  caeca  the  autceorvaletion  fuactic-n  tecausa  it 
la  likely  that  the  elongation  occurs  along  §  (or  x)  in  ths  direction  of  largest  flow  expansion  of  the  jet. 
An  eKperiaes&al  evaluation  of  the  factor  [a2 /be]  for  ths  fluctuating  density  has,  however,  not  bsen  secos- 
pliehcd.  Therefore,  this  approach  camot  be  uead  in  the  analysis  a«  tha  dsta  ualsa*  it  were  raaraly  for 
cceporativ*  purpose*  vith  tha  u»se  of  selected  values  oi  [e‘/bc],  This  has  cot  been  done,  bouever.  Vben 
spherical  symmetry  does  not  exist,  ths  rotational  offset  suet  also  be  teksa  into  account,  hn&wver,  this 
affect  is  not  considered  ban. 


J 

\ 
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A  3  KCaOPaOtJB  AHAUYSIS 

She  theory  for  the  evaluation  o£  the  eatocorreietloo  function  fa,  cf  the  radiated  nolsa  at  detewln- 
ed  froa  seetusttseute  obtained  with  the  use  of  pairs  of  aicragfecess  is  described  in  detail  by  Psrthasarathy 
in  Rof,  12,  The'.u,  stationary  noise  sources  ere  ^onsidsred  first  end  then  the  theory  is  extended  to  m* 
lna  sources  such  es  those  that  occur  in  subsonic  end  in  supersonic  Jets,  for  subsonic  Jets,  as  considered 
te  this  investigation,  the  experiaectelly  dcterained  cross  correlefcioo  function  C(t),  cay  be  expressed  es 

•  -T)  ,  t-^(t))dt 

C(r)  »  n  f  — 1  ••  *  «  i.—  ■  —  y.  I.  0  ..  ,  (A3-1) 

rt(t  -  r) [l  -  Mc  coo  8t(t  -  T)]  r2(e)  [l  -  M,  cos  82(t)]2 

The  lcwer  1  Isles  of  integration  erst 

T2  if  T2  >  Tj  +  T 
Ij+t  If  t2<Ij  +  r 

Xa  Eq.  (A3-1)  the  autocorrelation  function  of  the  noie*  T  ,  contains  the  constant  1/16  ff2.  The  cross  cor¬ 
relation  function  C(r) ,  is  evaluated  free  expsrissntcl  aalteureeacts  end  the  unknown  variable  is  the  auto¬ 
correlation  function  of  the  noise  fn,  in  the  eeving  fr»j  of  reference  of  the  eddies.  Thus,  in  order  to 
evaluate  yn  Eq,  (A3-1)  cust  be  Inverted,  To  do  thie  it  ic  convenient  to  consider  y_  es  e  function  of  a 
tins  difference  At  »  t2  -  t,  end  By  referring  to  Bq,  (A3-1)  it  will  he  noted  that  if  t2  is  set  equal 
to  (t  -  r2(t) /*0) ,  then  At  it  (r2(t)/e0  -  rj(t  •  t)/*c  +  r).  It  is  also  convenient  to  represent  Tn  in  the 
fore  u 


1 

aTn(6t,t2)  -  £  B^tp  0t(At)  (A3-2) 

i*l 

Thus,  gt  is  e  function  of  t2  only  sod  0.  ie  a  function  of  At  only.  The  quantity  0«(At)  is  chosen  to  bo 
the  sutocorrel scion  functions  representing  the  nolee  in  the  various  octave  (or  wider)  beads  B, .  These 
functions  are  of  the  type  (fief.  12) t  " 

ein  2J?f  At 

0  (At)  -  cos  are  At  —p— ~i—  (A3-3) 

if  *Ve 

Thus,  5q,  (A3-3)  tepreaeate  ea  autocorrelation  function  for  each  chosen  band.  The  frequency  f.  £•  «t  the 
center  of  this  bend  sad  the  ratio  of  the  highest  frequency  at  the  edge  of  the  bond  to  the  lowest  frequency 
is  or.  For  an  octave  bond,  a  «  2. 

Th»  other  function  in  (A3-2),  S£\tj) ,  la  talon  to  be  piece*wia«  linos r  with  value  g.  (j3)  defined 
et  the  nodes  3,  6,  — J6—« Sj8  aUxig  tj,  Therefore,  in  Iq.  (A3- 2)  there  are  ihHj  usJttwen  coefficients 
that  easss  be  datesiai.ited  to  evaluate  ^Q,  These  coefficients  can  be  datamdsrd  treat  a  set  of  stuiltoneoue 
equstiwas  that  result  Crest  the  use  of  gq.  (A3 A)  if  known  values  of  the  cross  correlation*  and  of  the 
outoccrreltti-Xia  as*  iatroewed  fov  G(t)  .  Evaluation  of  the  u$fco«*m  coefficients  involve*  eh#  u*a  of  in¬ 
version  by  least  Equates.  Only  positive  vclues  of  the  coefficients  ore  selected  sloe*  the  noise  is  being 
radiated  out  of  the  jet.  A  now*  rival  auenpia  of  the  procedure  is  given  in  Sect  ion  9,  fiapTSfXfl  t&XSK, 
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SUMMARY 


Properties  of  density  fluctuations  ware  measured  in  the  turbulent  regions  of  a 
2.64  cm  air  jet,  at  H  *  0.7,  1.0  and  1.S4.  Apter  calibration  teste,  it  was  found  that 
the  absorption  of  infrared  radiation  at  4.3  microns  by  the  naturally  present  quantities 
of  carbon-dioxide  in  air  was  directly  proportional  to  the  air  density  if  a  sufficiently 
wide  bandpass  (0.08v)was  used.  Moreover,  regions  of  the  band  could  be  selected  that 
adequately  discriminated  against  temperature  variations.  The  cross-correlation  of  two 
such  be sms  intersecting  in  the  jet  gave  a  measure  of  th*  local  properties  at  the 
intersection  point. 

The  paper  presents  a  derivation  relating  the  local  density  correlation 
function  to  the  self  and  shear  generated  noise  in  the  far  field  of  the  jet.  The 
measured  correlations  are  used  to  predict  the  axial  distribution  of  source  strengths 
and  the  spectrum  of  noise  due  to  a  unit  volume  of  turbulence. 
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velocity  of  sound 
jet  diameter 
signal 

fluctuating  component  of  signal 
absorption  coefficient 

fluctuating  component  of  absorption  coefficient 
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acoustic  pressure 
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correlation  function  in  moving  reference  frame 

position  vector  of  observer  location 
position  vectors  inside  flow  region 
vector  with  X  sj  origin 
tiSK*  delay 

angle  between  flow  direction  and  observer 
fluctuating  component  of  density 


1.  MEASUREMENT  TECHNIQUE 

1 . 1  Optical  Crossed  Seas  Correlation  Technique 

If  a  beau  of  radiation  passes  through  a  turbulent  fluid  which  modulates  tha 
beam  by  an  absorption  proems,  the  transmitted  signal  !(%}  can  be  expressed  in  teres  of 
the  initial  un -absorbed  signal  Ic  and  an  absorption  coefficient  ieft)  by  Saer's  haw  : 

-jift-.1  dn 

lit)  »  ,f  e  1  (1-1) 

c 

If  now  vx  separate  the  mean  and  fluctuating  parts  of  the  instantaneous  signal 
slid  ths  absorption  coefficients ,  it  can  be  shown  that! 
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whore  I  is  the  transmitted  mean  signal  level;  that  is,  tie  mean  signal  at  the  photo¬ 
detector. 


The  basic  crossed  beam  arrangement  suing  this  concept  was  proposed  by  Krause 
and  Fisher  [1]  in  1965.  Two  beams  of  radiation,  which  may  be  adjusted  to  a  known 
separation  in  the  flow  direction,  are  passed  through  the  flow  field  in  mutually  perpen¬ 
dicular  directions.  Cross  correlation  of  the  fluctuating  transmitted  signals  will 
yield  turbulent  properties  of  the  area  that  is  common  to  both  the  beam  paths.  Specific¬ 
ally,  if  the  beams  intersect,  the  time  averaged  product  of  the  two  signals  will  be 
finite  only  in  the  neighborhood  of  the  intersection  point  in  a  region  of  the  dimensions 
of  the  turbulent  length  scales  along  the  two  beams.  We  can  therefore  write,  using  the 
beam  geometry  shown  in  Fig.  1: 

<  ii (t)  ii(t)  > 

RsU*t)  -  - - - - 

h  la 
/Lz/8  [Li/2 

-  <  k(yi>Vii+T\,ystt)  k(yl+Ziytiys+i;tt+T}>  dr\  dt.  (1-3) 

-li/2  >-Lt/2 

Lt ,  Li  are  the  radial  scales.  We  can  assume,  to  a  good  degree  of  approximation,  that 
k(t)  is  reasonably  constant  within  the  correlated  area.  Then,  for  intersecting  beams 
(K  -  0), 


Rg(0,0)  -  <  >  LtLi  (1-4) 

Since  radial  scales  are  relatively  constant  across  a  jet  cross  section  [2], 
the  covariance  R(0,0)  is  thus  directly  proportional  to  the  intensity  cf  the  absorption 
coefficient  fluctuation  at  the  beam  intersection  point. 

As  the  vertical  beam  is  moved  downstream,  the  correlation  function  R„(£,tJ 
will  trace  a  set  of  curves  similar  to  tnose  shown  in  Fig.  2.  The  envelope  of  the  curves 
represents  the  auto-correlation  function  in  a  reference  frame  moving  with  the  fluid  at 
its  convection  speed.  We  shall  use  the  symbol  RLf^,rJ  for  this  autocorrelation  function. 
The  rate  of  fall  of  Ri(0, t)  is  directly  related  to  the  eddy  lifetime  or  decay  of 
turbulence  and  varies  with  the  region  of  the  jet  in  which  it  ie  measured. 


1.2  Relation  Between  Measured  Sisnals  and  Thermodynamic  Fluctuations 

Fluctuations  in  the  absorption  coefficient  can  be  related  to  fluctuations  of 
thermodynamic  properties  of  the  gas  from  the  known  spectroscopic  properties  of  the 
radiation  employed.  Unfortunately  none  of  the  constituents  of  atmospheric  sir  have 
strong  absorption  bends  in  the  visib.e  portion  of  tha  spectrum.  Initial  experiments 
were  conducted  with  ultraviolet  radiation  beams  centered  at  1850A  where  oxygon  has  a 
continuum  absorption  band  [3].  Two  problems  became  apparent.  Tha  first  was  the 
difficulty  of  obtaining  \  strong  steady  source  in  this  region  and  the  second  was  that 
strong  scattered  signals  ware  obtained  from  the  n«tural  particles  in  the  air  jet.  The 
scattered  signal  varied  with  the  diameter  of  these  particles  and  also  with  the  concen¬ 
tration  of  water  droplets  entrained  by  tha  dry  jat  from  the  surrounding  air. 

The  fundamental  vibration  bands  of  CGj  in  the  infrared  region  around  “).3u 
were  found  to  be  free  from  most  of  these  problems.  The  longer  wavelength  reduced  the 
acs  mt  of  scattering  from  natural  tracers,  while  an  electrically  heated  tungsten-carbide 
rod  (Globar)  produced  strong  steady  emission  in  the  infrared.  Experiments  were  conducted 
in  a  calibration  coll  C4],  (S)  to  obtain  the  exict  spectroscopic  properties  at  the 
pressures,  concentrations  and  temperatures  expected  in  unheated  and  heated  air  jets  of 
subsonic  and  moderately  supersonic  Mach  number*.  It  waa  found  that  the  weak  line 
approximation  is  valid  for  low  concentrations  (<  0.1%)  of  COj  at  atmospheric  pressitr* 
and  above.  In  this  case,  the  absorption  is  directly  eroportional  to  the  partial  pres 
sure  of  tha  CO2.  Figure  3  shews  the  plots  of  the  derivative  of  the  absorption  coeffi¬ 
cient,  with  respect  to  COj  concentration,  /,  versus  wavelength  with  f  as  a  parameter. 
Using  a  bandpass  setting  of  ,08p,  effects  of  varying  temperature  can  be  minimised  in 
the  wings  of  the  band  at  wavelength  settings  of  e.2u  and  i.Slu. 

All  the  measurements  reported  in  this  paper  were  aide  at  the  ;-i .  31u  getting 
because  of  the  greater  absorption  »t  u.31h  compared  to  4.20u  The  measured  signals  are 
proportional  to  the  partial  pressure  fluctuations  of  CO2  and  hence  to  the  density 
fluctuations  o'  the  air  p (i),  independent  of  temperature  affects.  Therefore,  fro* 
eqs.  (1-3)  and  (!-«) 


RgtfA,*)  -  j  j  <  p(yi*yt+T\,yitt)  p(yiH*yi*yt+l,t+i)>dn  dK 


-  LiL%  <pa,0,t)  p(V,Z,t*r)  >  (1-6) 

and  R(QjO)  «  <  p  1('t)  >  (1-6) 

The  measured  correlation  function  with  intersecting  beams  will  be  proportional 
to  the  mean  square  density  fluctuations  at  the  intersection  point. 


2.  APPLICATION  TO  SOUND  SOURCE  MEASUREMENT 


2.1  The  Sound  Source  Integral 

We  start  from  Lighthill's  formula  [6]  for  the  sound  radiation  field  in  terms 
of  the  quadrupole  distribution 


p(X,t)  -  Pi  « 
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The  coordinate  system  for  this  equation  is  shown  in  Fig.  4.  At  distances 
ar  large  compared  with  the  dimensions  of  the  jet,  equation  (2-1)  reduces  to  the  form: 


P(X,f>  -  p  « 
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Furthermore,  in  the  far  field,  the  pressure  fluctuations  arc  dominated  by  the 
acoustic  radiation  field  pl  so  that  p  -  p0  can  be  replaced  by  1/al  pl(X,t)  [73.  The 
autocorrelation  of  the  far  field  pressure  fluctuations  may  be  written  in  a  special  way 
to  give  the  relation 


P(X,t,t’)  «  <  px(Xtt)  t9  > 
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Here  t ’  ie  an  arbitrary  time  delay.  The  integrand  i*  a  time  averaged  product  of  the 
second  derivatives  of  the  stress  measured  at  two  joints  Y  and  Z  in  the  flow.  If  we 
consider  only  atatietically  steady  jets,  eq.  (2-45  can  be  written  in  the  alternative 
for*: 
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where  we  have  substituted 
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and  m  *  *  £2—7) 

To  minimize  the  effects  of  convection  of  space  derivatives  past  the  stationary  measuring 
system,  we  introduce  a  new  frame  of  reference  moving  at  the  convection  speed  of  the 
covariance  The  transformation  in  terms  of  the  convection  Mach  No,  H  is  made  by 

substituting 

X  *  E  -  a  H  t 

—  J  o 

and  (2-8) 
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With  this  transformation,  oq.  (2-5)  becomes  [8] 
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where  0  is  the  angle  between  the  vector  (X-Y)  and  the  flow  direction.  For  correlation 
lengths  «  typical  wavelengths  of  sound,  r  can  be  set  equal  to  aero;  i.e.  the  phase 
differences  within  an  eddy  could  be  neglected  in  the  moving  frame.  This  would  complete 
the  elimination  of  any  apparent  convection  effects  from  the  integral,  the  sole  effect 
appearing  in  the  factor  (1  -  j!j  aoo  9  T*. 

The  integration  with  respect  to  X  gives  the  contribution  of  one  weddyM 
(which  passed  through  Y  at  time  t)  to  the  Tar  field  pressure  fluctuations.  We  shall 
call  this  term  the  sound  source  integral  S(Y,t). 
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2.2  Application  to  Low  Speed  Cate 

In  the  ca3«  of  jet  turbulence,  there  will  be  a  large  shear  gradient  in  the 
flow.  Tha  far  field  jet  noise  can  be  looked  upon  as  having  two  distinct  components,  with 
separate  spectra.  One  io  due  to  the  turbulence  alone  end  is  called  self-noise.  The 
other  arises  from  croae-coupling  of  tha  turbulence  with  the  mean  flow  shear  and  is 
called  shear  noise, 

2.2,1  Saif  Noise 

If  there  is  no  appreciable  shear  in  the  flow  w*  can  obtain  *n  terms  of 

the  pressure  or  density  covariance  using  the  approach  of  sibner  £73.  Be  considers  the 
pressure  field  sc  composed  of  an  ambient  pressure  (which  we  shall  take  as  sero),  a 
pseudoaound  field  p°  and  a  sound  field  p‘i  The  psaudossound  field  dominates  within  and 
near  the  turbaitnei.  at  subsonic  epsede  constituting  what  is  known  as  the  acoustic  near 
field.  Further  out  it  is  overridden  by  the  acoustic  radiation  field  p* .  The  o°  field 
ie  dominated  by  inertial  effect#  much  like  th*  pressure  field  in  an  incompressible  flow. 
Tha  acoustic  aouree  strength  ie  related  to  the  peeudosound  pressure  p°  by  tha  relation 
from  dilatation  theory  £63 
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Taking  the  mean-square  value  of  this. 
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where  Rsn,^,r)  *  <  p p°  Ci  >. 

The  pseudosound  pressure  p°  is  essentially  the  local  pressure  fluctuation  in  the  turbu¬ 
lence  at  low  jet  speeds.  Thus  the  source  strength  can  be  written  in  terms  of  the  density 
covariance  as  measured  by  the  crossed  beam  correlation  technique  after  transforming  to  a 
moving  reference  frame:  we  can  write  from  eq.  (2-10) 
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2,2.2  Shear  Noise 


To  bring  out  the  importance  of  the  velocity  gradient,  Lighthill  [9]  writes  the 
time  derivative  of  p  ^  as  space  derivatives  using  the  equations  of  motion 
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Neglecting  the  viscous  terms  in  p and  p  and  the  last  term  which  will  drop  out  when 
integrated  over  all  space, 
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The  rata-of-strain  tensor  defines  the  distortion  of  a  fluid  element.  In  case  of 
strong  shear  regions  like  the  mixing  layers  of  jets,  the  mean  sheer  ii2  overrides  the 
fluctuating  shear  and  the  dominant  quadrupole  is  Tlx  »  pU|Vj.  The  rate  of  strain  in 
cq.  (2-14)  can  then  be  replaced  by  its  dominant  term  dl/x/dyx,  and  we  obtain  the  source 
strength  CIO] 
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Equation  (2-16)  relates  the  crossed  beam  covariance  to  the  amerce  strength. 

Evaluation  of  the  sound  source  integral  require#  correlations  in  a  moving  rci'c^ance 
frame.  Hence,  we  can  write  fro*  eq.  (2-10)  for  shear  noise: 
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2.3  Noise  Spectrum 


Combining  eq.  (2-6)  and  (2-§)  gives  us  the  relationship  between  the  time 
scales  in  the  moving  and  fixed  frames  Of  reference 
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where  6*  it  the  angle  between  X.  and  d-V) 
and  8  is  the  angle  between  N  sEd  (X-f) 


For  low  speeds  the  first  term  on  the  right  hand  side  will  be  very  small  compared  to  the 
second,  and 


*  “  T~iriosT 

Hence  the  frequencies  are  to  be  multiplied  by  a  factor  1/(1  -  #  oot  Q)  when  obtaining 
spectrum  for  noise  as  perceived  by  a  fixed  observer.  The  energy  spectrum  is  obtained 
by  Fourier  transformation  of  equations  (2-13)  and  (2-1?) 
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where  /  is  the  frequency  in  the  moving  reference  frame  and  the  corresponding  frequencies 
in  tlie  fixed  frame  should  be  obtained  according  to 
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2 •  *•  Application  to  Crossed  Beam  Technology 

The  covariances  pertinent  to  the  determination  of  sound  source  intensities 
must  be  measured  in,  or  at  least  related  to,  a  moving  frame  of  reference  given  by  the 
transformation 


X  a  £  -  a  N  t. 
“  •*  o 


With  the  crossed  beam  system  at  .4,3  microns,  we  measure  the  two-point  density 
covariance  with  £  as  a  parameter  as  shown  in  Fig.  2.  The  envelope  of  these 

curves  is  iJjrY,!  -Qtx),  each  point  on  th*  envelope  represents  the  value  of" the 
covax-ianea  when  X**£-  u  x  a  0  and  hence  is  an  autocorrelation  function  in  a  frame  moving 
at  the  convection  speed  Ua. 


We  are  interested  in  evaluating  the  self  and  shear  no is#  components  of 
«q.  (2-10)  given  by: 
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Referring  to  Fig.  2,  st  t  «  0„  X,  *  £,  and  S  a tX  91  -  %YY,£l#0).  The  curve  for 
X,  s  constant  can  then  be  tiered  out  starting  fraa  *  »  0  where  Xs  *  intersecting 
S*  *  conetant  curve  at  rt  •>Q/OaKit  -  £t>,  etc. 


For  shear  noiae ,  va  can  evaluate  the  eecond  derivatives  free  the  curvature 
of  these  Sr(?,X,T)  traces  at  t  *  5  as  shown  in  the  figure.  For  self  noise,  the  fourth 
derivative  of  the  lagrangiaa  correlations  R^C(}k}oi  will  be  required.  Because  theca 
are  always  experimental  variations  in  the  heights  of  the  covariances  at  each  value  of  £, 
derivative  measurement  is  not  expected  to  be  very  praoise. 


3.  EXPEMKESm  RESULTS 
3.1  Tact  gc.t-Up 

A  20  am  exit  diameter  convergent  acssl*  was  weed  for  E**?ur-w»ente  in  subsonic 
(235  */ sec)  and  scnic  (515  n/s*c)  velocity  Jet*  and  t  cosvesgeat-diversaat  noasle  having 
*  22  es  exit  diameter  w.-i*  used  for  eaaeuraoaf.ts  st  fx  »  X.Sfc  t%35  ,  Jet  velocities 

were  controlled  by  monitoring  th*  stagnation  preeaure*  just  upstream  of  th*  nasal*, 

Th*  stagnation  teiparaturee  were  also  recorded.  Flow  and  valve  noise  ware  minimised  by 
acoustic  treatment  in  ths  stagnation  chamber. 
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A  photograph  of  the  Crossed  Beam  Instrument  is  shown  in  Fig.  S.  The  instrument 
is  designed  to  accomodate  almost  any  radiation  source.  Two  electrically  heated  tungsten 
carbide  rods  are  used  as  infrared  sources.  Two  McPherson  Model  213  0.3  meter  scanning 
monochromators  were  used  at  the  detector  end  of  each  beam  to  filter  out  all  radiation 
except  a  ,  QSu  wide  band  centered  at  4.31y.  Indiua-antiaonidc  photodetectors  (Texas 
Instruments _ IS V-1101)  were  used  to  measure  the  transmitted  energy.  Independent  systems 
were  necessitated  for  each  of  the  two  beams  to  avoid  correlating  the  electrical  noise 
inherent  in  the  source  and  detectors .  The  outputs  of  the  photodetectors  were  amplified 
and  filtered  in  the  frequency  range  of  ISO  Hz  to  SO  KHz. 

The  optical  system  employed  mirrors  to  focus  the  radiation  of  each  source 
into  the  flow  and  then  image  it  onto  the  monochromator  slit.  The  beams  were  arranged 
in  such  a  way  that  approximately  equal  lengths  of  each  beam  traversed  the  jet  during 
each  measurement.  Details  of  the  instrument  will  be  found  in  Ref.  [11]. 


3.2  Turbulence  Measurements 

Figure  G  shows  measured  cross-correlations  at  various  redial  locations  2 
diameters  downstream  of  the  nozzle  in  the  subsonic  jet.  The  stagnation  and  static 
temperatures  in  the  jet  are  noted  for  each  symbol  shown  in  the  figure.  The  temperature 
variation  that  existed  between  measurements  did  not  influence  the  measured  intensities 
and  we  can  assume  the  validity  of  eqs.  (1-5)  and  (1-6).  The  measured  correlation 
function  with  intersecting  beams  is  therefore  proportional  to  the  intensity  of  density 
fluctuations  in  the  flow  at  the  intersection  point. 

Figure  7  shows  the  measured  intensity  profiles  for  the  sonic  jet  at  various 
axial  distances  from  the  nozzle.  Although  the  exit  velocity  of  this  jot  is  sonic, 
the  velocities  in  the  measured  regions  will  be  subsonic  except  for  the  "laminar"  core 
region.  The  laminar  core  extends  to  about  five  jet  diameters.  The  intensity  profiles 
at  each  axial  distance  in  the  mixing  region  peak  at  a  non-dimensional  radial  distance 
(r/D  -  O.S)/( y  ,/0)  “-0.00.  As  compared  to  hot-wire  (velocity)  measurements,  the  pressure 
fluctuations  are  weighted  toward  the  jet  centerline.  It  is  expected  that  the  weighting 
will  be  weaker  if  the  jet  centerline  temperatures  are  increased,  although  this  has  not 
been  checked  experimentally.  Another  feature  of  the  profiles  in  Fig.  7  is  the  large 
turbulence  intensities  present  in  the  so-called  laminar  core  of  the  jet.  The  existence 
of  large  pressure  fluctuations  in  the  core  has  been  confirmed  recently  by  Lau,  Fisher 
and  Fuchs  [12]  with  the  help  of  microphone  measurements. 

Figure  8  shows  relative  intensity  me  iaurements  for  the  supersonic  air  jet. 

Tho  core  now  extends  to  approximately  ten  nozzle  diameters. 


3 . 3  Sound  Source  Distribution 


For  the  unheated  subsonic  and  sonic  jets,  the  low  speed  f ^emulations  of 
Sec.  2.2  will  be  applicable.  We  can  obtain  4^  from  the  envelopes  of  the  measured  fixed 
frame  space-time  correlations  as  explained  in^ec.  2.3.  For  obtaining  the  derivatives 
of  we  fitted  an  exponential  function  by  the  method  of  least  squares : 


3,M  *  3tMJ  t  fljh!*  *  ... 
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The  function  R^  is  expected  tc  be  symmetrical  about  the  r  -  Q  axis.  This  was  achieved 
by  taking  the  sodulus  of  the  time  lag  in  the  exponent.  This  method  resulted  in  a  better 
fit  to  the  data  near  the  t  =>  0  axis  compared  to  using  only  even  powers  of  th«  exponent 
as  suggested  by  Chu  [13].  The  least  squares  routine  was  used  to  fit  the  slopes  t.  ?  the 
functions  rather  than  the  function  itself. 

Figures  9  end  10  show  examples  of  the  type  of  fit  obtained  by  using  five 
Constants  in  the  exponent  relation  (3-1)  for  two  radial  positions  in  the  ft  -  0.?}  jet. 

Due  to  iitsuff iciant  dete,  we  have  aasuard  that  the  volume  integrals  with  res¬ 
pect  to  1  in  eqs.  (2-13)  and  (2~I7>  are  proportional  to  the  integrand  at  \  -  s  and 
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We  found  both  the  derivatives  to  be  much  higher  ii«  the  mixing  region.  On  the 
jet  centerline  and  in  the  core,  of  course,  dUx/dyl  »  0  and  S8tga„  *  0.  Table  I  shows 
the  predicted  ratios  based  on  our  measurements  for  the  subsonic  jet: 


TABLE  I 

Jet  Mach  No.  *  0.71 

Axial  Coordinate  Radial  Coordinate  S  sheaves  at  f 

yt  /D  f/D  feq.  3-2) 


2 

.415 

1.56 

3.5 

.36 

1.68 

3.5 

.54 

1.40 

6.0 

.54 

-0.52 

10.0 

.54 

0.JS7 

At  yl/D  m  6.0  the  measured  It i  did  not  peak  at  t  a  0  and  consequently  the  fit  with  the 
exponential  curve  was  very  poor.  The  radial  coordinates  at  which  the  measurements  were 
made  did  not  in  general  coincide  with  the  regions  of  peak  shear,  and  hence  no  estimate 
of  the  source  strengths  could  be  made  for  tha  subsonic  jet  speed. 

We  made  more  detailed  surveys  in  the  case  of  the  sonic  jet  before  proceeding 
with  the  space-time  correlation  measurements.  The  result  was  a  more  consistent  set  of 
Rfr  measurements  in  the  peak  shear  region  at  each  axial  location.  We  were  able  to 
compute  relative  levels  of  the  sound  source  strengths  (again  per  unit  volume)  at  axial 
coordinates  y,/P  *  and  10.  The  result  is  plotted  in  Fig.  1i.  Both  self  and 

shear1  noisa  source  strengths  shew  maxima  at  six  diaaeterr  from  the  nozzle . 


3,4  The  Far  Field  Noise  Spectrum 

Figure  12  chows  the  spectrum,  calculated  according  to  eqs.  (2-?0)  and  (2-21) 
for  tha  source  coordinates  p./£  •  16.6;  r/D  -  0.64.  The  overall  spectrum  is  obtained  by 
adding  the  shear  and  self  noise  spectra.  Table  II  summarises  the  dominant  frequencies 
for  various  source  locations.  A  field  measurement  with  a  microphone  at  ?0  degrees  from 
the  jet  axis  showed  that  ths  overall  jet  noise  spectrum  has  a  peak  ir.  the  3.15  KHz  i/3 
octave  basid.  For  the  30-degree  angle,  and  jet  Mach  No.  =  0.71,  tha  frequencies  in 
Table  II  should  be  multiplied  by  1.78  (assuming  convection  H.*ch  No.  N  *>  O.S).  Thus, 
the  peak  frequency  of  overall  jet  noise  agrees  well  with  the  dominant  frequency  of  the 
region  between  $,,/£  -  *.0  and  7.0.  Dyer  114]  has  suggested  that  tha  psuk  frequency  of 
the  overall  noise  spectrum  ia  generated  by  a  slice  located  at  5  diamatere  from  the  noscie. 


TABU  II 


Jet  Hach  No.  s  0.71 


Source 

yt/C 

Location 

r/O 

Dominant 

Shear  Noise 

F  r  s  q  u 

h 

Self  Incise 

e  n  c  i  i 

Cvaral 

3.5 

O.Su 

u.o 

.54 

1000 

2330 

5.0 

.54 

§25 

leroe 

S.O 

.54 

160-3 

2  TOC 

2200 

7,0 

.54 

1200 

2  2  OS 

10. 0 

0 

900 

150*3 

1400 

Cc-rpafi 

son  with  Kgasursaants 

with  tne  Acoustic 

Mirror 

The  distribution  of  sound  source  intensities  for  the  same  jet  we#  alto 
measured  ty  *r,  elliptical  stirrer- microphone  system.  The  method  is  described  in  detail 
in  flSj.  Due  to  diffraction  effects,  the  spatial  resolution  end  ths  gain  factor  of 
such  a  stirrer  microphone  system  are  f’tnctidm  of  tha  acoustic  -taveletgth.  The  -s^eurc- 
a*nta  were  therefore  made  in  standard  octave  u'-dc  froa:  2  KHz  to  125  KBs.  *vssults  for 
the  ti  -  !  jet,  corrected  for  gain  factor,  ere  plotted  to  a  linear  scale  in  Sig.  13. 

The  overall  noise  curve  is  obtained  by  adding  tha  sound  intensities  for  all  freqvsnr-y 
bands. 


The  source  distribution  predicted  by  the  crossed  beast  correlation  method 
(sum  of  self  and  shear  noise  from  Fig.  11)  is  shown  by  the  dashed  line  in  Fig.  13, 
normalised  with  respect  to  its  peak  value.  The  agreement  between  the  two  distributions 
is  good  in  the  mixing  region.  In  the  fully  developed  region  the  crossed  beam  prediction 
falls  short  because  it  has  not  been  corrected  for  the  increase  in  jet  diameter  with 
axial  distance.  The  location  of  the  pronounced  peak  in  sound  source  intensity  at 
between  six  and  seven  diametrical  distances  from  the  nozzle  lip  corresponds  to  the 
transition  region  of  the  jet. 


4.  CONCLUDING  REMARKS 

The  limited  data  available  to  us  has  demonstrated  that  a  technique  that 
measures  density  fluctuations  in  the  flow  can  be  useful  for  the  prediction  of  jet  noise 
characteristics .  The  crossed  beam  correlation  technique  has  the  advantage  over  a 
microphone  because  it  does  not  distrub  the  flow,  is  insensitive  to  temperature  changes 
and  measures  density  fluctuations  directly.  More  exhaustive  measurements  in  air  jets 
of  larger  diameters  should  enable  researchers  to  gain  insight  into  the  scaling  laws  of 
it  t  rsJ ’  >  sources. 
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DISCUSSION 


Dr  Fuchs:  First,  I  wonder  whether  the  correlation  of  intersecting  beams  in  the  jet  really  give  a  measure  of  the  local 
mean  square  density  fluctuations  at  the  intersection  point, 

R  (0,  0)  «  ?  . 

Knowing  that  the  correlation  is  a  measure  of  how  much  the  absorption  processes  along  one  beam  path  have  in 
common  with  the  absorption  processes  occurring  simultaneously  along  the  whole  path  of  the  second  light  beam,  the 
question  really  is  how  are  density  fluctuations  correlated  over  the  whole  plane  determined  by  the  beams?  From 
correlation  measurements  in  the  corresponding  turbulent  pressure  field  [J.  Sound  and  Vibration  Vol.23  (1972),  p.85 
Figure  5]  one  would  suggest  a  considerable  contribution  of  R(0,  0)  from  fluctuations  far  outside  the  beam  inter¬ 
section  point.  This  unwanted  contribution  makes  the  interpretation  of  Figure  6  difficult,  especially  for  r  <  0,5  D. 

Second,  can  the  authors  work  out  an  experiment  with  laser  beams  which  could  confirm  their  assumption  of 
small  correlation  volumes  and  their  prediction  of  “source  strengths  and  the  spectrum  of  noise  due  to  a  unit  volume 
of  turbulence”? 


Dr  Dunko-vlo:  If  fluctuations  far  outside  the  beam  intersection  point  are  coherent,  their  contribution  will  need  to 
be  taken  into  account.  This  will  not  significantly  alter  the  interpretation  of  the  “sound  source”  equations  -  they 
will  represent  strengths  per  unit  axial  distance  instead  of  per  unit  volume  of  the  jet.  Relative  intensity  profiles  like 
the  one  shown  in  Figure  6  will  also  need  reinterpretation.  We  are  now  in  the  process  of  setting  up  experiments  with 
lasers  as  well  as  focused  infrared  beams  to  resolve  this  question. 
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SUMMARY 

Clues  v!t  the  validity  of  aerodynamic  noise  theories  can  be  provided  by  comparison  of  predicted  distribu¬ 
tion®  of  sound  source  intensities  in  turbulent  jets  with  source  distributions  determined  directly  by  suit¬ 
able  acoustic  measurements. 

A  method  of  tracing  the  sound  sources  from  the  sound  radiated  into  the  acoustic  far  field  was  therefore 
developed.  The  sound  waves  emitted  by  a  small  volume  of  the  jet  are  focussed  upon  a  microphone  well 
outside  the  flow  by  means  of  a  largo  elliptical  mirror.  The  distribution  of  sound  source  intensities  is 
investigated  by  moving  the  mirror-microphone  assembly  along  and  normal  to  the  jet  axis. 

Results  of  measurements  with  subsonic  and  supersonic  jets  show  interesting  details  of  the  noise  genera¬ 
tion  within  these  jets. 
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M 

2 
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*T 


width  of  aperture,  see  Fig.  6 

distance  between  center  and  first  minimum  of  diffraction  pattern,  see  F'g.  6 

velocity  of  sound 

velocity  of  sound  at  nozzle  exit 

nozzle  diameter,  see  Fig.  I 

sound  frequency 

center  frequency  of  on  octave  band  or  third  octave  band 
gain  factor  of  the  mirror 
sound  intensity 

sound  intensity  in  the  free  field  of  &  point  source  of  sound,  see  Fig.  10 

sound  intensity  in  the  maximum  of  the  diffraction  pattern  of  a  point  source  of 
•mind,  see  Fig.  lo 

sound  pressure  level 

sound  pressure  level  in  the  free  field  of  a  point  source  of  sound,  soe  Fig.  10 

sound  p;-e»eure  level  in  the  maximum  of  the  diffraction  pattern  of  a  point  source 
of  sound,  see  Fig.  1 0 

local  Mach  number 

Mach  number  at  nozzle  exit,  M9  «  u2/c? 
sound  power  radiated 
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po 

[N/m2] 

ambient  pressure 

pl 

[N/m2] 

settling-  chamber  pressure 

Str 

Strouhal  number,  Str  °  f  d/u„ 

in  a 

T1 

[°K] 

settling  chamber  temperature 

U2 

[m/s] 

jet  velocity  at  nozzle  exit 

x.y.  z 

Cartesian  coordinates,  x  in  toe  direction  of  toe  jet  axis,  see  Fig.  1 

X 

[m] 

acoustical  wavelength 

1.  INTRODUCTION 

The  following  methods  are  mainly  used  to  investigate  the  noise  emission  of  turbulent  jets,  see  Fig.  1: 

Acoustical  far  field  measurements.  The  distance  of  the  mi¬ 
crophone  from  the  noise  generating  part  of  the  jet  is  larger 
than  20  nozzle  diameters.  The  frequency  spectra  and 
directivity  patterns  obtained  relate  to  the  entire  sound  pro¬ 
ducing  volume.  Measurements  of  this  type,  e.  g.  [1  to  5],  can 
be  compared  readily  with  general  theoretical  predictions 
like  the  U8  law  etc.  (3,  7J,  but  yield  only  Uttla  informa¬ 
tion  about  the  structure  of  the  sound  source. 

Acoustical  near  field  measurements.  The  signals  received 
by  the  microphone  represent  not  only  the  radiated  sound 
waves  but  also  the  hydrodynamic  pressure  fluctuations  which 
decrease  rapidly  with  increasing  distance  from  the  turbulent  flow. 
This  complicates  the  interpretation  of  the  resulta.  particul¬ 
arly  regarding  the  sound  source  distribution  within  the  flow. 
Near  field  measurements  are  especially  important  for 
determining  the  loading  on  structures  in  the  vicinity  of  jets 
and  other  strong  sources  of  aerodynamic  sound. 


Flow  measurements.  These  investigation*  -re  concentrated 
on  the  sound  source  itself,  no  direct  information  about  the 
radiated  sound  field  is  obtained.  Mainly  hot  wire  measure¬ 
ments  and  measurements  of  the  turbulent  pressure  fluctua¬ 
tions  have  been  published  [8  to  IS].  Optical  remote  sensing 
methods  for  investigating  density  fluctuations  are  described  for  example  in  (17  to  32].  In  general, 
the  measurements  yield  the  distribution  of  certain  turbulence  properties  within  toe  flow,  from  which 
the  spatial  distribution  of  sound  source  intensity  is  to  be  determined  by  means  of  the  theory  of  aero¬ 
dynamic  sound  generation.  Results  can  only  be  obtained  under  certain  assumptions,  since  it  is  still 
extremely  difficult  to  provide  all  the  experimental  data  required  for  these  calculations. 

d)  Direct  acoustical  determination  of  sound  source  distributions.  Indications  of  the  validity  of  the  theo¬ 
ries  and  assumptions  applied  to  method  (c)  can  be  provided  by  comparison  of  the  sound  source  distri¬ 
butions  calculated  from  flow  measurements  with  source  distributions  determined  directly  by  suitable 
acoustic  measurements  outside  the  flow.  This  might  be  particularly  interesting  in  the  esse  of  super¬ 
sonic  and  hot  jets,  considering  the  various  mechanisms  of  sound  generation  involved. 

The  method  sketched  in  Fig.  1  is  booed  on  an  optical  analogy.  The  sound  waves  emanating  from  a 
small  volume  of  the  jet  are  focussed  by  a  large  concave  mirror  upon  a  microphone  well  outside  the 
flow.  This  technique  was  first  presented  in  (23  to  ?S],  recant  investigations  with  modifiod  versions 
are  published  in  (26]  and  [27].  Other  methods  to  determine  the  sound  source  distribution  in  jets  by 
acoustical  measurements  ere  used  in  [28  to  32]. 

The  objective  of  ihe  Investigations  described  in  this  paper  was  to  obtain,  by  means  of  the  concave  mirror 
technique,  detailed  information  ebout  the  distribution  of  sound  aourc©  intensities  in  subsonic  and  super¬ 
sonic  jeta  from  circular  nozzles.  Turbulence  measurements  with  an  optical  method  have  been  conducted 
at  '.he  same  test  set  up  by  R.  J.  Dankevals  et,  a l  [33]  in  order  to  provide  data  for  a  theoretical  calcu¬ 
lation  of  the  sound  source  distributions.  The  results  of  both  investigations  are  to  be  compared  in  detail 
with  ouch  other  and  with  source  distributions  predicted  by  other  authors,  e.  g.  [34,  35],  as  soon  aa  toe 
date  reduction  and  analysis  of  toe  measurements  is  completed. 


Fig.  1  Methods  to  investigate  toe 
generation  of  jet  noise 


2.  CONCAVE  MIRROR  TECHNIQUE 


After  successful  tests  with  a  preliminary  set  up  uaing  a  spherical  mirror  [23  to  25]  an  improved  system 
with  an  elliptical  mirror  was  developed  and  used  for  the  measurements  described  in  this  paper.  Pig.  2 
illustrates  the  principle  of  the  system.  A  large  elliptical 
mirror  -  a  piece  of  an  ellipsoid  of  revolution  -  which  has 
twcfocalpoints,  is  positioned  in  the  acoustic  far  field  beside 
the  jet  so  that  one  focal  point  is  within  the  noise  generat¬ 
ing  region  of  the  jet.  The  sound  emitted  in  the  close  vici¬ 
nity  of  this  point  is  focussed  by  the  mirror  upon  the  other 
focal  point  where  a  small  microphone  is  located.  The 
sound  pressure  level  measured  by  the  microphone  is  di¬ 
rectly  related  to  the  sound  power  radiated  to  the  elliptical 
mirror  by  a  small  volume  around  the  first  focal  point  of 
the  mirror.  The  microphone  is  mounted  on  an  arm 
attached  to  the  mi**:  jr.  The  attribution  of  sound  source 
intensities  -Imin  the  jet  in  investigated  by  moving  the 
mirror- microphone  assembly  along  and  normal  to  the  jet 
axis. 

The  essence  of  this  technique  is  the  use  of  sound  waves 
radiated  into  the  acoustic  far  field  to  form  an  image  of  Fig.  2  Acoustic  mirror-microphone  system 
the  sound  sources  in  a  region  well  ou  tside  the  jet.  and  with  an  elliptical  mirror,  schematic 

to  survey  there  the  sound  pressure  distribution,  which 

corresponds  to  the  actual  sources.  Effects  of  near  field  pressure  fluctuations  can  be  neglected  if  the 
distances  of  both  the  mirror  and  the  microphone  from  the  jet  are  large  enough.  In  the  case  considered 
here  these  distances  are  1.0  m  and  0.6  m  (see  Fig.  2)  compared  with  a  nozzle  diameter  of  0.02m. 
The  elliptical  contour  of  the  mirror  was  selected  instead  of  a  spherical  or  parabolic  shape  because  it  pro¬ 
duces  a  better  image  in  the  vicinity  of  its  focal  points. 


Fig.  3  shows  a  photograph  of  the  mirror  system.  At  the 
left  hand  side  is  the  settling  chamber  with  a  slot  nozzle 
(not  used  in  the  experiments  described  in  this  paper). 
The  1/8"  B  microphone  pointing  to  the  center  of 

the  mirror  can  be  recognized  in  the  lower  part  of  the 
photograph,  being  mounted  on  a  strutted  arm  attached 
to  the  supporting  frame  of  the  mirror,  so  that  its  dia¬ 
phragm  is  in  the  lower  focus  of  the  elliptical  mirror.  The 
diameter  of  the  mirror  is  approximately.  1  m  ,  the 
distance  of  the  focal  points  from  the  center  of  the  mir¬ 
ror  is  also  about  1  m  . 

The  mirror  is  made  of  laminated  fiberglass.  The  sur¬ 
face  has  a  metallic  coating  to  render  it  optically  re¬ 
flecting.  This  makes  it  possible  to  check  the  adjust¬ 
ment  of  the  system  by  means  of  a  point  sour'  of  light, 

The  traversing  unit  allows  the  mirror  to  move  with 
constant  velocity  in  dm  directions  parallel  and  normal 
to  the  jet  axis. 

The  block  diagram  Fig.  4  illustrates  the  measuring 
system.  The  signal  la  fad  from  the  microphone  to  a 
B  £  K  amplifier  combined  with  a  third  octave/octave 
band  pass  filter  set.  The  B  &  K  level  recorder  is 
started  simultanously  with  the  motor  of  the  travers¬ 
ing  unit.  Thus  the  records  show  Immediately  the  mea¬ 
sured  sound  prossure  level  versus  the  location  of  the 
focal  point  within  the  sound  generating  flow  field.  The 
frequency  range  of  the  equipment  is  approximately 
25  Hz  to  160  kHz  . 

Several  points  are  to  be  observed  when  interpreting 
the  measured  distributions: 

a)  Refraction  of  the  pound  waves  by  velocity  and  den¬ 
sity  gradients  within  die  jet  may  slightly  shift  the 
measured  distributions  against  the  actual  source 
distributions. 


Fig,  3  Acoustic  mirror-microphone  system 
at  the  test  rig 


Fig.  4  Block  diagram  of  the  mirror  set-up 


Brtiel  8,  Kjaer 


ffl  Diffraction  of  Plane  Wavas 


Hfst  Minimum  of  W»i$ity  at 
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b-R  tan  oc  » 1.2  X  R/B  «06  X/ton  9 
Fig.  6  Diffraction  effecta 


Fig.  7  Point  eou.ce  of  eound  for  calibration 
of  the  mirrc-  system 


The  measured  distributions  are  only  valid  for  the  part 
of  the  total  eound  power  that  ie  collected  by  the  mir¬ 
ror.  The  results  can  thus  depend  upon  the  orientation 
of  the  mirror,  if  the  directional  characteristic  of  the 
sound  field  deviates  considerably  from  spherical  sym¬ 
metry.  It  may  be  necessary  therefore  to  conduct  two 
or  more  sets  of  measurements  with  different  orienta¬ 
tions  of  the  mirror  (see  Fig,  5)  and  to  superimpose 
the  results  in  a  suitable  manner. 

The  spatial  resolution  of  the  acoustic  mirror-nnjro- 
phone  system  is  limited  by  diffraction  of  the  sound  waves 
at  the  edge  of  the  mirror.  This  point  is  to  be  discuss¬ 
ed  more  thoroughly:  Fig,  6  i”'istrateB  the  diffraction 
of  plane  waves  at  an  aperture  of  the  width  B  .  The 
angle  a  indicates  the  direction  of  the  first  minimum 
of  intensity  of  the  diffracted  waves  with  the  wave¬ 
length  X  .  In  the  case  of  a  twodimensional  slot,  one 
finds  easily  the  relation  sin  a  =  X/B  .  This  equation 
is  modified  slightly  for  a  circular  aperture  to 

sin  a  =  1,  2  —  ,  (1) 

according  to  textbooks  on  optics,  e.  g.  [36].  The  lower 
part  of  Fig.  6  shows  diffraction  at  the  edge  of  a  focuss¬ 
ing  device.  The  distance  b  of  the  first  minimum  of 
intensity  from  the  center  of  the  diffraction  pattern  is 
obtained  under  the  assumption  that  Eq.  (1)  can  be 
applied  to  this  case  as  an  approximation: 

b  1  R*tan  a  **  E’sin  ccxl.  2  —  R  =  0.  6  ■— —  .  (2) 

B  tr.np 

Since 

tan  <p  **•  0.  5 

for  the  elliptical  mirror  used  here,  one  expects 

b~i.2X  .  (3) 

The  resolution  of  the  mirror  wap  'alibrated  by  mea¬ 
suring  the  diffraction  patterns  of  a  point  source  of 
sound,  which  is  sketched  in  Fig.  7.  Typical  diffrac¬ 
tion  patterns,  normalized  by  the  sound  pressure  level 
L.m  In  the  maximum  of  the  pattern,  are  represented 
in  Fig  8.  The  loud-speaker  of  the  point  source  of 
eound  w*a  driven  by’  a  random- noice -generator,  the 
microphone  signal  was  filtered  in  third-octave  bands, 
f  being  the  center  frequency  of  the  band.  The  width 
oTth  e  diffraction  image  of  the  point  source  of  sound  is 
plotted  In  Fig.  9  versus  the  wave  length  X  51  c/f 
corresponding  to  the  center  frequency  f  , 

The  distance  b  varies  very  nearly  as 

b  -  1.  3  X  (4) 

in  satisfactory  agreement  with  the  estimate  Eq.  (3).  Al¬ 
so  given  in  Fig.  9  is  the  distance  w  between  the  cen¬ 
ter  of  the  diffraction  pattern  and  the  point  where  the 
intensity  has  decreased  by  3  dB  or  50  Ore  finds 

w »  i).  6  X  .  (5) 


These  values  indicate  the  spatial  resolution  attainable  for  different  sound  frequencies. 
The  gahi  M  the  mirror  lystem  is  defined  by 


~T  — — — 


fm=8kHz 


16kHz 


c - 1 - u-3odb-i - : 

Fig:.  8  Normalized  diffraction  images  of  a 

point  source  of  sound  at  different  fre¬ 
quencies 

x  :  position  of  the  sound  source 


100  200 


Wave-Length  of  Sound 


X  [mm) 


Width  of  the  diffraction  image  of  a 
point  source  of  sound  as  function  of 
the  wavelength 


S  with  being  the  sound  intensity  measured  by 

the  mirror-microphone  system  in  the  maximum 

of  the  diffraction  image  of  the  point  source  of  sound,  and  Ip  being  the  intensity  measured  by  a  mi¬ 
crophone  in  the  free  field  at  the  same  distance  from  the  source,  see  Fig.  10.  One  expects  6  to 


vary  inversely  proportional  to  the  area  of  the  diffraction  image  which  is  proportional  to 
ing  to  Eq.  (4)  and  (5): 

a  i  2  0  [dB] 

G  ~  ~  1  .  (7) 

x2  m 

30 

Th:  i  is  confirmed  by  the  calibration  results  plotted 
in  Fig.  10.  The  gain  is  given  here  in  dB 


accord- 


G  *  L^j  -  Lp  *  V0  log  ~  =■  J  0  log  6 


and  Lp  are  die  sound  pressure  levels  mea¬ 
sured,-  The  6  dB/octave  slope  of  the  measured  curve 
corresponds  to  Eq.  (7).  The  remiltr  S  the  calibra¬ 
tion  .ests  will  be  used  to  analyse  the  measured 
source  distributions  by  a  procedure  similar  to  the 
one  repu-ted  in  Ref.  (20). 


2  5  K>  20  60  MB  ,B  p**] 

Gain  factor  of  die  elliptical  mirror  as 
function  of  sound  frequency 


3.  MEASUREMENTS  OF  THE  SOUND  SOURCE  DISTRIBUTION  IN  SUBSONIC  AND  SUPERSONIC  JETS 

The  measure. nenta  described  here  are  part  of  a  more  extensive  program  to  investigate  the  sound  source 
distribution*  in  jets  for  different  flow  conditions  which 

may  be  related  to  different  sound  generating  mechanisms.  >*_ _ _ _ _  ))S3  _ _ _ _ ,, 

Teats  were  conducted  with  cold  and  heated  jets,  optical 

and  acoustical  investigation  methods  were  applied  to  the  uws  &  mrmoi  wwi  btatc  HsUt 

same  flow  conditions.  This  paper  is  concerned  only  with  \  / 

the  investigation  of  cold  Jeta  by  means  of  the  elliptical  \  f  ,  { 

mirror- microphone  system,  i 


SWc  (tasn  HsUc 


ftev  aviiyiww 


-  »so  -  * 


3. 1  Sct'Ung  chamber  and  nozzles 


Hie  settling  chamber  fitted  with  v.  convergent  nozzle  is 
iliuatrhtvd  by  i g.  II .  Several  screens  and  a  flow 
straight*. icr  are  inserted  to  reduce  the  turbulence  Ic-eU 
Lt  /era  ol  mineral  wool  between  the  screens  decrcnae  the 
internal  noise  by  more  than  20  dB  .  The  high  flow  resi¬ 
stance  of  these  layers  helps  to  provent  separation  within 
the  diffusor  so  that  the  flow  velocity  is  essentially  con  - 


Flasioa  Hat 


\ 

bwnnsccc ills* 


AS  Dvrwision*  In  nvn 


Fie.  11  Settling  chamber  with  nozzle 


stsnt  {order  of  magnitude:  1  m/s)  over  the  entire  cross  section  of  the  settling  chamber.  The  compress¬ 
ed  air  is  supplied  through  a  flexible  hose  which  isolates  the  settling  chamber  from  vibrations  of  the  pres¬ 
sure  lines.  The  total  temperature  Tj  can  be  determined  fey  four  thermocouples  mounted  in  the  down¬ 
stream  part  of  the  chamber. 

Fig.  12  shows  the  nozzles  used,  The  convergent-divergent  nozzle  was  designed  for  fully  expanded  flow  of 
Mach  number  M2  ■  1. 9  .  The  converges*  mizzle  can  be  fitted  with  a  turbulence  ring. 


Convergent  Wozzle  with 
one.  without  turbulence  Ring 


Measurements  were  conducted  with  the  convergent 
nozzle  at  Mach  numbers  M^  a  0.  T  and  =1,0, 
and  at  supercritical  pressure  ratios  Pj/po  ”  2. 1  ;  3,  7; 
7. 1  which  are  equivalent  to  Mach  numbers  M  =  1. 1; 

1.  5;  1,9  of  a  fully  expanded  flow.  During  a  number  of 
test  runs  the  convergent  nozzle  was  fitted  inside  with  a 
ring  in  order  to  attain  a  turbulent  boundary  layer  at  the 
nozzle  exit,  see  Fig.  12. 


The  sound  source  distribution  of  the  jet  from  the  con¬ 
vergent-divergent  nozzle  was  investigated  only  at  the 
fully  expanded  flow  condition  M„  ■»  1. 9  . 

4 


Fig.  1-  Convergent  and  convergent-divergent  The  spatial  distributions  were  determined  in  octave 
nozzles  bands  with  center  frequencies  f  *  2  kKz  up  to 

125  kH2  to  provide  data  for  quantitative  evaluations. 
The  unfiltered  distributions  were  additionally  measured  for  qualitative  comparison  between  the  flow  con¬ 
ditions  investigated. 


4.  RESULTS 

Some  characteristic  results  are  presented  in  the  Figures  13  to  18.  Sound  pressure  levels  measured  by  the 
acoustic  mirror- mic rophonc  system  are  plotted  versus  tht,  distance  x/d  between  the  nozzle  exit  plane 
and  the  focal  point  in  the  jet  No  corrections  for  the  frequency  dependent  resolution  of  the  system  have 
baen  applied  to  these  first  graphs  which  therefore  represent  the  actual  sound  source  distributions  only 
approximately.  The  mirror  was  parallel  to  the  jet  Side  as  illustrated  in  the  left  part  of  Fig,  5.  Tests  with 
the  mirror  oriented  as  in  the  right  part  of  Fig,  5  gave  similar  rei  ults  and  will  not  be  further  discussed 
in  this  paper. 

Fig,  1 5  shows  distributions  of  the  overall  noise  snd  of 
different  octave  bands  for  nozzle  exit  Mach  number 
M0  =  1.0.  The  turbulence  ring  was  fitted  into  the 
nosils.  The  maximum  of  ti»«  unfiltered  signal  'overall 
notes)  occurs  about  5  nozzle  diameters  downstream  of 
the  nozzle  exit  plane,  at  the  end  of  tits  mixing  zone  of 
the  jet.  The  maxima  of  the  octave  bands  are  shifting 
towards  the  net  els  with  increasing  center  frequency  of 
Use  band.  This  is  in  accoi-jance  with  theoretical  argu¬ 
ments,  The  relation  between  center  fr«<;  ancles  and 
S'.rouhM  r.umbar  Str  «  f  *  d/u„  is  given  by  Use  follow¬ 
ing  table:  B> 

f  2  4  8  16  31.5  63  135  j  kHz] 

m 

Str  0.  13  0.  26  G.  52  1.0  2.  0  4.  1  8.  1 

DiffraeUon  images  of  a  point  source  of  sound  for  differ- 
Fig.  13  Distributions  of  sound  source  intensity  wit  frequencies  are  plotted  in  the  upper  right  of  Fig.  13 
fo-  different  octave  bands;  M2  -  i,  0  at  the  same  scale.  The  flanks  of  these  images  of  a  poim 

source  -ro  considerably  steeper  tiiav.  the  slopes  of  the 
correspondirq  distributions  measured  at  ih*  Jet.  This  leads  to  the  qualitative-  conclusion  that  the  limited 
spatial  resolution  of  the  acoustic  mirror  does  not  strongly  affect  the  shape  cf  the  source  distributions  mea¬ 
sured  in  the  Individual  frequency  bauds.  A  detailed  analysis  of  Uw  corrections  neceseas-v  to  atts  -.n  absolute 
values  of  sound  source  intensity  is  under  way. 

The  distribution  in  the  135  kHz  bii.id  bae  a  small  but  diiiinc;  maximum  at  x/d  •  0  ,  which  Is  reduced 
to  a  ripple  in  the  lower  frequency  bands  and  in  the  overall  noise  distribution.  This  maximum  ia  probably 
due  to  "Up  noise''  caused  toy  the  pressure  fluctuations  of  the  turbulent  boundary  layer  inside  the  nozzle 
induced  by  the  turbulence  ring. 

s 


The  influence  of  the  Jet  Mach  number  upon  (lie  sound  source  distributions  is  demonstrated  by  Fig.  14.  ft 

distributions  of  the  overall  sound  intensity  are  plotted  for  jets  of  Mach  numbers  =  0.  7  and  1.  0 

from  the  convergent  nozzle  and  for  a  Jet  of  Mach  number 

M  =1.9  from  the  convergent- divergent  nozzle.  Tho  dash- 

etfHines  refer  to  choked  Jets  from  the  convergent  nozzle  with  r~[  50{  7 

pressure  ratios  equivalent  to  Mach  numbers  1.1  and  1.9  , _ _ 

in  fully  expanded  flow.  These  measurements  were  all  made  1 _ tiO\ — = - [  1 

with  the  turbulence  ring  inoerted  into  the  convergent  nozzle.  J  /'^coZtfgent-Oivvg^Noiiit 

but  teats  without  ring  showed  no  significant  affect  at  Mach  '  S  i  \  I 

numbers  M>1.  — | - ;  ‘ 


\ig  Cos>v*rgen!-Oivtrgtrtl  Nozzm 


The  distributions  for  Mach  numbers  “  0,  7  and  M,,  =  |  S  pQ (s - 

1.  0  are  quite  similar  to  each  other,  except  for  the  absolute  i  " Xt  to 

intensity  and  for  a  slight  shift  in  tha  position  of  the  maximum.  ^  ■ _ 

The  supersonic  fully  expended  jet  has  a  rather  flat  maximum  .  §-jjp  ■/’  -^v_. - — - 

at  approximately  x/d  =  14  .  According  to  [31)  the  mixing  zone  $  M  a07-Sv 

(and  the  potential  core)  of  this  Jet  should  end  at  x/d**  9.  5  t  j  -  \ 

and  the  supersonic  core  should  tun  out  at  x/d  *•  19  .  The  — -ipQ -  ■■  j 

maximum  of  the  sound  source  distribution  ia  thus  between 

these  points;  this  corresponds  well  with  results  of  tests  publ-  > -c3SIpo_oja  | 

lishedby  K.  C.  Potter  and  J.  H.  Jones  (3].  Some  ripples  in  q  5  w  is  20  ,  25 

tho  curve  indicate  noise  sources  associated  with  weak  shocks 

in  the  flow  which  could  be  established  by  shadowgraphs,  see  FiR  j  4  Distributions  of  sound  source 
Fig.  15.  intenaity  for  different  Mach 

numbers  (overall  noise) 

The  distribution  of  the  Jet  with  the  same  pressure  ratio  (for 

M  =  1.  9)  ,  but  emanating  from  the  convergent  nozzle,  shows  rather  strong  peaks  winch  could  alao  be 
identified  from  shadowgraphs  as  sound  sources  due  to  shock  turbulence  interaction.  A  shadowgraph  of 
thie  jet  is  reproduced  in  Fig.  16,  the  positions  of  peaks  of  the  measured  sound  source  distribution  being 
indicated  by  vertical  lines.  Sound  waves  radiated  from  these  locations  can  be  recogatzed  in  this  photo- 
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IS  Shadowgraph  of  fuily  expanded  jet  from 
convergent-divergent  nozzle,  1.9 


FTg.  1 6  Shadowgraph  of  choked  jet  from  con¬ 
vergent  nozzle,  M  *  1.  9 
Vertical  lines  indicate  maxima  of 
sound  radiation 


A  -strong  fluctuating  screech  was  observed  with  the  souno  raamuon 

choked  jet  of  Mach  number  M  ‘  1.  1.  The-  amplitude 

fluctuations  are  visible  also  at  the  peak  of  the  sound  source  distribution  plotted  n  Fig.  14.  This  indicates 
that  the  pronounced  peak  at  x/d"*  5  is  mainly  du„  to  the  sc reach  noise  radiated. 

p  ^  17  de  monstrates  a  very  distinct  influence  of  the  boundary  layer  condition  sn*ld*  die  nozzle  upon  die 
.-iolse  generation  of  subsonic  jets  (in  the-  given  Reynolds  number  range).  Measurements  with  die  clean 
nozzle,  laminar  boundary  layer,  show  much  higher  gov  no  production  close  to  the  nozzle  than  measure¬ 
ments  with  a  turbulent  boundary  layv: r  inside  the  nosz’e,  which  was,  attained  by  inserting  a  ring  into  the 
nozzle,  see  Fi„.  12.  V  e  affect  is  Uinitsd  to  the  region  x/d<  2.  ^  and  more  pronounced  with  increasing 
frequency  Although  the  offe„(  hae  not  yet  been  investigated  very  loroughly,  u  is  believed  to  oe  caused  b\ 
ring  vortices  or  similar  disturbances  in  the  laminar-turbulent  transition  region  and  Us  vicinity.  Such  a 
structure  of  the  flow  field  in  the  region  x/d  <2  is  visible  to  a  cerUtm  extern  in  the  shadowgraph  Fig.  IS 


Fig.  17  Distributions  of  sound  source  intensity  Fig.  18  Shadowgraph  of  jet  from  clean  conver- 

at  3  0,  7  ;  with  and  without  turbu-  gent  nozzle.  Mg  =  0.  7 

lence  ring 

5.  CONCLUSIONS 

A  new  method  for  determining  the  sound  source  distributions  in  jets  from  the  sound  radiated  into  the 
acoustic  far  field  was  developed  and  applied  to  subsonic  and  supersonic  jets  from  circular  nozzles.  Inter¬ 
esting  details'  of  the  no  se  generation  within  these  flows  could  be  detected  already  by  these  measurements, 
although  the  results  have  not  yet  been  corrected  for  the  frequency  dependent  reBolution  of  the  measuring 
ayatem. 
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SUMMARY 

A  NACM  6512  A. glO  airfoil,  whose  chord  ie  B  cm,  is  placed  in  s  uniform  flow 
ducted  into  an 'anecholc1 chamber  with  a  speed  ranging  from  20  to  40  m/s. 

Its  acoustic  far  field  ie  analyzed  in  relation  with  the  auras!  velocity  flue, 
tuatione  in  thu  end  the  preaeuro  fluctuations  on  the  airfoil  surface.  Crcas- 

correlations  tseaaucenentie  show  that  the  aerodynamic  pattern  close  to  the  trailing  edge, 
on  tha  extreme* ,  controls  the  noiae  scission. 

RESUME 

Un  profil  NACA  SSI 2  A, „1Q,  de  oorde  8  cm,  ast  plaeA  dans  ur.  jet  ci'Gir  dtbouchant 
dene  un*  ohaebra  anfiehcSeuu  eveiuur<e  vitesaa  d«  20  A  40  »/a. 

La  cheap  da  praaeion  lointain  act  analyu*  on  relation  *vsc  lea  compoaanteB  nor¬ 
attles  ds  le  vitaaee  dans  Is  aillaga  at  avec  ls.«  fluetiteiione  da  presuion  A  la  aurfaca  du 

profil.  Lse  rdsulteta  awp.4si*e,itaux  obtanue  montrent  qua  l'daiaaion  senore  eat  eontrfilAe 

P®r  *«e  ptaSnsataea  sarodynebiquifa  qui  as  produiaent  eu  br>rd  da  fuite,  cCtA  ostxaooa. 

MAIN  NOTATIONS  USE? 

f*  i  acoustic  pressure  in  the  for  field 

?c  t  pressure  fluctuation  on  the  aurfoca  of  the  sixfoil 

V  t  trannvercs  cuepoHtmt  of  the  velocity  fluctuation  in  the  wake  of  the  airfoil 

rr  9  signal  undar  the  tildar  is  filtered 

signal  in  the  bracket  at  a  time  delay  r 


cur»«lati,o.>  cawFf'i.eisnt  between  it 
delay  t  ,  defined  oa 


,  the  second  signal  at  a  time 


-  ft  trl  J*M.£lk*tL 

hWvl  *  fjp 

indey  referring  to  the  extrodus  of  the  airfoil 
indost  referring  to  the  intrwdos  of  the  airfoil 

acoustic  propagation  tide  between  the  trailing  edgu  of  the  airfoil  and  the 
fmt  field  microphone 

airfoil  chard 


1.  JttTfiOauCTIGN 

The  aerodynamic  noise  of  e  single  airfoil  was  investigated  following  wort  by 
LISfiTKIlL  {19$2t  15a4 1  ^  in  which  equivalent  aeurcse  were  ueught  cuck  that  placed  in  e-t 
otherwise  undisturbed  staoephase  they  represented  the  noise  generated  by  ihe  eerodyneoic 
configuration  y«4er  inuaatigetion. 

Far  a  fixed  obstacle  pieced  in  *  flaw,  the  acoustic  pressure  reciotnd  in  the 
fur  field  at  point  S?  ie  given,  fOllswing  FFOWCS  WILLIAMS  (19£»>,  by  > 


y-l 


p(*,t)  =• 


I  SI5 


m* 


4nra2 


{^{3,tJ*J!)q  |«) 


The  ueuel  notatione  and  crnveniionol  approximations  are  used  : 

S  t  surface  of  the  obstacle 

T?  t  normal  to  tho  eurt'acs  S  ,  towards  the  exterior 

V.  :  pressure  on  the  obstacle 

V  «  volume  of  the  fluid,  approxiaatively  the  volume,  of  the  weke 

Ty  =  pUtUj  -{p-atpj&lj  A5  p0UtUj 

In  order  to  characterise  those  different  sources,  we  investigated  the  correla¬ 
tion  between  the  different  sources  and  the  radietad  acoustic  pressure.  Ht?re  tits  method 
ie  based  on  an  idea  put  forward  ly  LEE  (1971), which  gives  an  estimation  <?,f  the  neiss 
emitted  in  the  following  form  : 


F 


'  vfrm  [«[***■  h* 


(2) 


A  ie  the  parcantegm  bandwidth  of  the  filter,  AT ,  *r*t  Tt.  end  p  are  the  contributions  t  o 
the  aignala  at,  at*  ,  Tt  and  p  relative  to  tha  frequency  £  .  It  «»ill  b*  noted 
thmt  the  filtering  effect  on  tho  time,  derivatives  isitrcduesu  aodifieationo  to  the  delay 
timaa  (~tf  for  a  2  nd  darivativa  and  ••  for  m  1st  derivative;.  The  stain  cross- 
correlations  to  ba  measured  era  than 


V*ft)  vffc)  plt+x}  md  pffc+x) 

However,  for  the  interpretation  of  tho  phenomena,  other  ccrrelsti'.ns  relative  to  the  sews 
Signals  were  considered. 


In  order  to  cerry  out  thaea  measurements,  praesur*  transducers  were  embedded 
in  tha  surface  of  the  airfoil,  hot-wire  sensors  wars  placed  in  the  w*L«  of  the  airfoil, 
and  two  microphones*  were  located  tin  aithar  aide  of  tha  airfoil  in  t*"»  acoustic  f*r  field 
(Fig.  1 ). 


2.  tKPERIHcHTAL  PROCEDURE 

Exparimantc  ware  mads  in  tho  en«cho£c  chamber  of  the  Ecol*  Central*  da  lYSTi 
( EcRHAUuT  A  al.,  1973)  into  which  is  ducted  ba  air  jet.  fit*  SACA  6S12  Ain1Q  airfoil  ha© 
a  chord  of  8  ce.  It  io  pieced  in  tha  potential  tare  of  ih®  j*t.  Two  aida-pletee  attending 
tha  rsetenguler*  norsla  (30  cm  x  t5  along  ite  shorter  diteanaion,  support  tha  airfoil. 
The  oexisiu*  velocity  ie  3d, 4  */•  which,  for  the  airfoil,  lead#  to  a  Reynold*  nu*>btr 
Uc/v  *  2.1  x  1C5  ,  Tha  incident  turbulent  Itwal  la  reduced  to  0.3  1b. 

The  psatftus*  tetensdatsr*,  of  the  c*p*citiv#  typa,  have.  -men  a$mtamp  daMgiW 
and  built  in  tha  Laboratory.  Thatr  sis*  is  swell  enaugH  -ie  mtfoiv  Mvtmt  t»  ‘be.  eUaiite* 
neoucly  eabadrfwtl  in  tha  airfoil  surface  (fig,  3).  Each  tsaiwiduissir  ia  eshhact-Od  to  a 
prseanUfiai*  fecual  t  K*<*ag  type  i&iS  threygh  -a  15  c»  -imfi  amU  h^vpng  nepssitwnc*  of 
100  fhi«  c*bl*  a,.uaia«  the-  <**pHfoc  fce  i m  placed  Tst-iaai  Df-Ttfn'  VflliiMmt'lia  '-ef-  th*.- 
airfoil  and  allowa  it  to  be  uncoupled  aac'h^aiceiiy,  vies  frvtrsftU  s**#®^:* ’  the  trtewrtd* 
cat  ie  shown  in  Fig,  4  *ftd  it  ia  suit*  clue*  ta  that  of  a  U ml  i  SjWl  t/S**  aSasedfcdn*. 
Ih  addition,  that*  ia  on  eppswiabi*  reduction  in  the  neise  iowai  in re»i*^wy 
rung?. 


A 


The  X-wir*a  which  can  bu  displaced  through  the  wake,  are  Disa  probea  type  55A38 
(5  U,  tungatan  wire)  i  they  ara  fed  by  two  constant  temperature  Dias  anemometers  type 
55DD1 ,  The  transverse  velocity  component  and  ite  instantaneous  square  are  obtained  by 
means  of  Burr-Brown  analog  amplifiers  (type  3003)  and  squaring  modules  (type  4174). 

for  tha  far  field  acoustic  measurements,  two  1n  B  1  K  microphones  are  located 
at  about  1,60  m  from  tha  airfoil,  on  the  noraal  to  its  chord,  and  connected  to  e  B  L  K 
preamplifier  type  2627, 

The  electronic  equipment  uead  to  obtain  the  spectral  and  correlation  measure¬ 
ments  it  given  schematically  in  fig.  2.  for  the  correlation  measurements  a  29  %  bandwith 
ia  generally  used  on  the  2107  filtar,  the  frequency  ranging  from  500  Hi  to  5  KHz.  In 
addition  io  this  filtering,  all  the  signals  ara  pabaed 'through  a  A  weighted  filter  to 
get  rid  of  low  frequency  spurious  signals,  part  of  which  only  are  due  to  the  cut-off 
frequency  (about  IDS  Hz)  of  the  anechoSc  chamber. 

Tn  the  correlation  measurements,  particularly  those  concerned  with  the  signals 
from  tha  pressure  transducers  embedded  in  the  same  aide  of  the  airfoil,  (intrsdos  or 
extrados)  the  alight  phass  ehift,  leae  than  7",  between  any  two  measurement  circuits, 
ia  taken  into  account.  A  phase  cheek  is  carried  out  by  means  of  a  loudspeaker  placed  in 
the  far  field  and  emitting  towards  the  two  pressure  transducers  considered. 

3.  PRESSURE  SPECTRA 

3.1 .  Radiated  acoustic  presentee. 

Spectra  of  the  radiated  acoustic  pressure  pm  era  given  in  fig.  5.  The  jet 
contribution  which  ia  tha  background  noise  in  that  investigation  is  also  indicated.  At 
increasing  velocities  tha  airfoil  noias  gets  less  prominent.  However,  a  vortax  shedding 
noise  was  detectable  at  tha  four  velocities  investigated.  Tha  frequencies  wars  approxi¬ 
mately  1 500,  2500,  3200  and  3600  Hz  ot  20.2,  29.2,  34,2.  and  36.4  m/s  respactivsly. 

Those  frequencies  can  ba  fitted  to  tha  empirical  relation 


t  ~  fcy~ 

whene  form  ia  close  to  that  givsn  by  PATTERSON  (1972).  It  corresponds  to  a  Strouhal 
number  of  3.19,  if  baaed  on  tha  boundary  layer  thickness  (assumed  laminar)  at  the 
trailing  edge. 


Spectra  of  tha  praaeura  fluctuation  its  on  the  airfoil  extrados  era  given  in 
fig.  6,  In  jrdar  to  compare  these  spectra  with  tha  p*  npectra,  the  dB  acale  io  again 
used.  Expressed  in  terms  of  the  external  dynamic  pressure  of  the  flow,  the  r.a.e.  level 
ia  then  2. Jut  O'*3  ,  a  vary  small  value  in  comparison  with  that  encountered  for  turbulent 
flows . 

A  striking  result  ie  tha  resemblance  of  tha  TE,  and  pe  spectra,  particularly 
in  tha  case  of  tha  Strouhal  frequency  and  the  frequency  at  which  occurs  tha  rapid 
drop  of  the  spectra. 

4.  CROSS-CQRREtATION  HtASUHEHERTS 


4,1.  Cr3w«&p&£$laUo?»»  v^p* 

Examples  of  these  correlations  are  given  in  fig.  7.  In  thaea  curvaa,  special 
attention  ie  paid  to  tha  negative  extremum  because  it  contribute*  significantly  to  the 
nodes  if  it  occurs  at  a  time  daisy  equal  ta  the  propagation  time  ie,  .  Thia  i*  quite 
clmac  t raw  Vi},  noting  that  i*  *l«o  equal  to  * 

However  fig,  f  chews  thqt  the  time  delay  at  which  thia  sxtremue  occur*  depends 
aircngly  on  tha  place  at  which  th*  signal  v  i«  taksn  in  tha  wake.  This  time  delay  is 
else*  to  t*  only  #hafc  v  is  token  hear  the  trailing  edga  <e,g.  point  I),  It  steadily 
d«c»**ese  whan  the  sign*!  v  ia  taken  further  downstream  (m.g.  point  J)„  Tha  time  ^ 
difference  of  thaea  extremum*  ia  appsoximetively  given  by  | sri/U,  with  Ue  #  c^4  O 
0  being  tha  external  velocity. 

The  awe#  bshxviour  iq  fesod  for  all  th#  frequencies  in  tha  observed  StrewHal 
‘busts1*  of  thu  spectra  ( for  example  1,5  KHz  *  *  4  Khz  ,  *t  0*  36, 4  w/e,  fin.  9). 

These  results  tend  already  to  show  tnet  the  meet  important  contribution  to  the 
velum*  integral  ttf  aitpsefcaiewi  (2)  will,  came  from  tha  na  IghtMxjsfwsd  of  the  trailing  edge. 
In  that  cituetitm,  the  wave*  genoretad  tieae  to  the  trailing  edge  propagate  .owstd*  the 
fpt  fluid  aieruphene  whoreaa  the  e*tudyn#4ic  structure*  arm  con  vented  dow^stsaa#  the 
fit#* 
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A  further  comment  concerning  the  correlation  V*  p*  is  that  the  optimums 

are  mainly  detectable  when  the  Signal  v  la  taken  near  the  edge  of  the  wake.  Fig.  7, 
specially  on  the  extxadoe  side.  In  that  region  the  intermittency  coefficient  in  of  the 
order  of  0.20.  In  the  central  pert  of  the  wake  the  optimums  are  probably  masked  by  the 
interactions  of  the  flow  structures  related  to  each  side  of  the  wake. 

Similar  raeulte  ware  obtained  in  the  mixing  region  of  a  jet,  close  to  the 
nozzle  {Fig.  8),  Findings  are  here  at  variance  with  those  of  LEE  (1971),  and  LEE  1  SIBNER 
(1972)  which  dealt  mainly  with  sections  furthsr  downstream.  It  is  considered,  however, 
that  omitting  the  convection  effects  may  lead  to  aseigning  too  high  acoustic  contributions 
to  the  downstream  regions ,  The  influence  observed  of  the  nozzle  edges  end  their  subsequent 
regions  of  discontinuity,  may  probably  be  linked  to  the  "excess  noise"  of  low  speed  jets 

( CRIRHTON,  1972). 

4.2.  Croae-correiatlena  v  pi 

A  lees  extensive  investigation  of  theee  correlations  has  bean  made.  However 
the  results  sons  to  show  that  these  eorralationa  have  a  similar  behaviour  to  the  3*pe 
correlations. 

4.3.  Crose-correlations  ne  pe 

Curves  corresponding  to  thrse  locations  of  the  pressure  transducer  are  given 
in  Fig.  10  end  show  that  » 


those  of 


(il  -  the  correlation  levels  of  Ttj”pV  sre  very  high  (  « s  0.80)  whereas 
are  at  moat  equal  to  0.10. 


(ii)  -  there  is  n  slight  drift  of  the  time  daisy  at  which  occurs  a  positive 
extremum,  depending  on  the  location  of  the  pressure  transducer.  It  will  be  shown  in 
section  4-4  that  this  drift  is  due  to  ■  prseaure  wave  which  propagates  along  the  airfoil 
at  conic  velocity. 

(iii)  -  all  the  positive  'ixtremuma  appear  at  time  delays  close  to  the  acoustic 
propagation  time  Vf  .  The  naarsr  the  pressure  transducer  is  to  the  trailing  edge,  the 
closer  to  to  will  ba  tha  ties  delay. 

(iv)  -  theee  findings  use*  verified  for  mil  the  frequencies  belonging  to  tha 
Strouhal  range  of  *  spectrum. 

In  consequence,  the  signal  Tt«  is  essentially  made  up  of  sn  acoustic  pressure 
associated  with  a  wave  propagating  towards  the  leading  edge  of  the  airfoil.  To  daterwine 
tha  eventual  role  of  Tt*  aa  an  acoustic  source,  the  value  of  the  correlation  SVp* 
has  to  be  considered  st  ties  T»  -  .  The  contribution  to  the  eurfece  integral 

of  expression  (2)  is  therefore  negligible  for  points  in  the  vicinity  of  the  trailing 
edge.  This  contribution  becomes  wore  important  me  the  point  of  integration  moves 

away  from  the  trailing  edge. 

4.4 .  CrosB-corrolmtlone  tx«  VU 

In  order  to  interpret  tha  drift  in  the  daisy  time  observed  in  section  4.3, 
cross  correlations  have  been  mads  between  the  signals  of  the  pressure  transducers 
embedded  in  ths  extrados  of  tha  airfoil,  A  correction  wee  made  to  allow  for  any  slight 
phase  difference  between  the  transducers,  #<±  explained  in  section  2.  Results  of  Fig,  11 
show  that  s  oressurs  signal  travels  towards  the  lesdlng. edge,  st  s  speed  close  to  the 
spend  of  sound.  PATYERSOK  (1972)  ssems  to  have  been  the  first  to  observe  this  prorogation 
for  e  symmetrical  airfoil , 

It  is  wise  interesting  to  nqto  that  thi#  wave  k«#ps  propagating  when  a  hydro- 
dynamic  perturbation  is  eupatpustd  to  the  flow  and  etmueetaid  cownstraam  by  it,  for 
example,  Fig.  U  efccwa  the  ease  where  a  pressure  irsnsdueer  wee  intent ionnally  ssountad 
just  protruding  into  the  airfoil surface,  Hss*urs**»i  of  the  eonvsetien  speed  \)c  of 
this  perturbation  leads  to  Ujj  j&0,7  t?  ,  sn  ecsvptebl*  veld*  fax  *  turbulent  *lew,  In 
coneeguenes,  it  is  else  poesifel*  to  conclude  th«t,  in  the  absence  *f  the  pmrtwibetien, 
thm  boundary  layer  on  tha  ertvadea  of  the  airfoil  ie 


Similar  finiSSh^a  have  been  obtained  for  the  prsetesa  aignslB  ft‘i  on  the 
intrados  of  tha  airfoil.  The  acoustic  pert  of  the  prstsuma  tsewm,  however,  less  important 
here  than  on  the  extrsdac. 
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4.6.  Crotta-cor  gelations  p«nc  ,  pTWi  ,  fttfia 

These  various  corrslefcione  ara  shown  in  Fig.  1  ?. .  They  show  «  phase  opposition 
between  nc  and  rti  ,  and  the,  aotisymmetrical  character'  of  the  far  f.  eld.  The  low 
level  of  the  correlations  involving  rti.  is  agein  observed. 

4.7.  Cross-correlations  listr* 

For  a  fixed  pressure  treneducer,  Fig.  13.  these  correlation  curves  again  snow 
the  downstream  convection  of  the  wake  structures. 


CONCLUSION 

The  acoustic  field  of  the  sirfoil  investigate^.  ie  governed  by  the  aerodynamic 
phenomena  which  take  piece  at  ths  trailing  edge  of  the  airmail,  especially  on  the  ex tra¬ 
des.  The  fluid  ie  f oread  by  a  strong  volume  source  cohcentreted  in  thei  region  and  by 
ths  interaction  of  that  source  with  the  airfoil  surface..  Thie  interaction  lauds  to 
surface  sources  whose  Importance  aeema  to  become  greater  further  from  the  trailing  edge. 

Rraseatly,  an  attempt  is. mads  to  evaluate  the  integrals  numerically,  evaluation 
of  the  vbluma  integral  appears  difficult  because  of  the  Birac  expect  of  the  source.  The 
evaluation  ~>f  the  surf  see  integral  peema  to  present  lues  difficulty. 
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Csrnaa-eersralaticnB  botwaan  tha  far  fit  id  acoustic  prasauro  and  thw  prasaure 
fluctuation  on  tha  airfoil  (oxtsradon  or  intradoa)  n  ia  at  *0  %  and  *■ 
at  SO  %  of  tha  chord.  (  D  »  20*2  m/e  »  f -  1500  Kx). 
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La  desoriptica  tfcfiorique  du  reyoaa«s»nt  ecoustlqae  tl'un  jet  eat,  efolrelesent ,  dS trite  per  dee 
graadeura  caraetfcristiqua*  d*  turbule&co  dSfiaiee  A  l*6ctalle  du  volua*  Aaieiif  total.  Cea  grandeur*  aont 
dsduitea  d®  aodilaa  thAoriquea  ou  da  awures  utiliaect  Ire  technique*  de  correlation.  De  ce  fait,  era 
grandeurs  scat  du  graadauro  acyasnat  deaa  le  teepac  a’eet-d-dij*  reprSaectativts  de  l'enoeadile  du 
spectre. 


Bain  c*  travail,  tprAe  une  &i  Jctssioix  our  la  nature  de*  *oarceS  ocouati.quea  qai  peuvent  winter 
dane  ta  jet  chard  et  aprAs  ua  rappel  du  taeh.niqur.1  de  faieceaux  csoieAs,  on  pr€*ente  eur  dee  eiteatslea 
it»e  representation  de  la  turbulence  tl’ua  Jat  ehaud  i  partir  de  deneitfie  spsctraiea  eroieSes.  II  eat  alor* 
poaaib.ls  de  d£finir  sr  to\Jt  point  du  vulues*  esmreo  1  as  grandeur*  earaetSiistiquaa  de  turbulence  par  baudUss 
®*  frdquecc*  «it  da  conatitre  oimi  laur  dispersion. 


KBWSMHS&IOB  OF  EOT  <1®  TURK&SSCS 

bx  isdEs  or  sis  amsED  boss’** 


suatm 

'Sht  theoretical  dsaerij>tioa  of  a  jet  acoustic  radiation  is  usually  described  by  chhraetwietie 
turbatoac*  data,  Safinad  at  tbc  seal*  of  the  total  o*ia»ita  roluae.  Thus  data  aw  deduced  fro*  tbeoi-eti- 
cal  sedela  of  fro*  asaiureuata  mling  um  of  eerrslatioa  technique*.  Hence  th*«*  data  have  avwxage  values 
in  tiao,  i.e.  s'sjHpesoBtisig  the  vtol*  epectrtss. 

In  thie  paper-,  after  a  diasueeiae  on  the  nature  of  acoustic-  sources  vfeicsi  aay  exist  in  a  hot  jet, 
*n«  after  recalling  the  creased  bee*-  techniques,  ia  presented,  on  exauplM,  a  repr**antatien  of  a  hot  jet 
turfeulance  by  «a*es  of  crossed  apectral  densities,  It  is  than  possible  to  define  at  any  point  of  the  source 
voluas  the  ehaasetariatic  tarbuleues  data  by  fraqamey  beads,  and  thus 'to  knew  their  diapers! cu . 
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i.-  rs-raoKjOTioa 

L'objet  des  travail  effretuSo  par  l'OEKRA  [lj  en  cooperation  evec  la  SSECWA  [2]  sous  I’ggide 
dec  Service*  ^techniques  de  l'Afirccautique  cut  de  dfifinir  une  procedure  de  earaetSriaetsosi  deg  source* 
da  bruit  an  jet  chauct.  La  nftceauit-d  d’une  telle  procSdure  est  apparue  dSt  que  certasnes  liaitea 
oat  6t4  atteiates  en  aatifere  de  reduction  du  bruit  .  Bn  effet,  suite  aux  trcveux  de  LISHTHILL  [3]  , 
HIKIBK  fit]  et-  FFCWCB-NILMAJS  [5J  ,  pear  dea  jet*  iroid*  aubsoniquea  aoyens,  un  accord  entre  aodSle* 
thJoriqaes  et  kssums  souores  dsns  le  cheap  lointain  as i ate.  Ces  aodSleo  thSoriquea  peiuettent  de 
prfvoit  le  cbanp  sonort  (directivitS  ct  r.pectre)  &  l'aide  de  grandeur*  de  turbulence  dSfinies  & 
l'gehelle  du  voluaw  dw  jet.  Wleascia*,  cat  accord  n’est  pleinenent  r£a.lis€  qu'en  introduiaant  sous 
fone*  ewpirique  deg  const  antes  et  en  adnettant  me  variation  dee  grandeurs  de  turbulence  euivant  den 
loia  dSduites  4*3  a&dftlw  eux-iaSmee  coepte  tenu  dea  reeultata  expSrisentaux  [ 6  j  . 

De  ce  fait,  le  besoin  a  (St  a  resienti  de  earaatfiricer  lee  sources  de  bruit  ft  une  (Schell* 
spatial*  plus  tiue4  psr  exeaplc  en  Ctuditnt  1*  contribution  do  difffircate*  tranches  du  jet, 

-  suit  en  ne  faiaent  intervenir  pour  la  assure  acouatique  q’te  certaines  parties  du  jet  (ft  1-aids 
de  sjretftsea  •iera’j&miquea  directifs  ~"i  bi«n  en  o'inoreduisaat  dsns  -.'enceinte  acouatiqoe  qu’uae  tmu— 
tie  du  voluae  source  [7]), 

aoit  en  adsptent  la  nStboda  des  sources  usages  en  effect uaat  dee  correlations  entre  aioropho&ea 
places  sur  une  paroi  parfaiteaent  r€fl6chisa«nte  [ 8  ] . 

Be  plus,  pour  amver  4  une  6  aha  He  apatiale  plus  fine,  lea  aco-isticiens  out  dfrveleppft  ou 
utilisft,  pour  oaractftrimr  la  turbulence  de  jets  froids,  lee  fils  chauda  [9  j ,  [lOj  ,  dee  eapteur* 
acouatique*  [ll  |  ,  la  strioseepie  laser  [l2j  ,  [13J  .  la  oosuro  de  1' ah sorption  iisfrsrouge  [ibj  , 

Jl5 j  et,  pour  lea  jats  cheuds,  l'fcnissicn  infrerouge  fl6}  ,  [XTJ  •  Par  ailleure,  le  on*  de  jete  froide 
eot  le  *eu>.  qui  ait  dense  liuu  ft  to  d£but  dr  trplol  taticn  actuistiqus ,  par  oarrfilatisi  ft  partis-  d» 
awuree  cu  fii  chsud  et  au  nicrojfcona  [10  j  t.  (il  j  ,  flflj,  flSj  . 


2—  lEFIKmOS  DE  LA  PMCESIHE 

Ban*  le  caa  dt  jets  ehtud*  da  forte  ou  de  faible  Titeosa ,  In  situation  eot  ires  cowplexa  our 
le  Ion  thSorique  du  fait  du  s.5l*?yre  d! effet*  lift*  aoit  au  gradient  de  densitC,  aoit  it  la  teap(Sr*ture 
qua  s'ojoutent  et  ce  a»lent  ft  la  viteeoe.  Caa  effets  ont  etS  eonsfcatSs  espgi'iaentaleaent  [20  J  .  Dea 
tentative®  de  classification  airiai  qu’uae  analyse  thSorique  dStaillSe  da  ces  effets,  en  tent  que  gfn£- 
reteure  de  bruit,  out  StS  ou  aont  aotuelluaeot  tenths  [21  j  ,  [22 J  . 

La  i£thode  de  travail  propose  par  l'OBBRA  eat  une  aStfcode  global*  dent  le  but  esaentiel 
eat  de  pccnoir  qualifier  faction  de  aileucieux  ft  structure  siiceaiqu*  ou  s^rodynaaiqu*  sur  le  rayonne- 
aent  acouatiqu*  (direetivitS  at  spectra  dans  le  chaap  lointain) .  La  dSatircae  essentielle  qui  donine 
cett*  i*Sthode  consists  ft  assiadler  le  voluse  du  jet  ft  m  voluno  rcyonnunt  acouatiqueastit ,  caract£ris£ 
en  tout  point  par  dea  grandeurs  apatio-tsatporelle* . 

Cu  adaat  1 

2.1  -  que  1«  prilftveamt  de  l'infaraaticn  dens  1*  jet  fouxnit  dee  xanseigneBMit*  locaux  eur  la*  source* 
de  bruit  ou  sur  leu?  Cxiesion  eooore, 

2J  -  qu*  d*  ce  pr^ltiTsscist  on  paut  dJduire  l'ii volution  spatial®  graaileui-*  de  tui-buleiica  par  trai- 
tawrnt  hybrid*  du  signal, 

2.3  -  qu’on  jwut  entiu,  ft  partir  de  t»s  grandeur*,  nananter*  par  caJ.cul  nuaSriqos,  m  rayo^naatatt 
acouatiqu#  dxaa  le  ehaa$  lointain.  ?owr  cel  a,  ou  iaverse  I’fitpsotiou  dfot>d*ft  isla'asgfea  dent 
le  second  tsa^bre  -iicrit  la  aoorca  aeouatique.  On  ^toblit  «b»i  ua»  astro  le 

chaajp  soaore  lointain  et  1*  cht^p  turtulant  g*i**if . 

L’easeafcle  da  eette  psooSdure  tyant  diji  St4  prSiiijtc  par  eilAeur#  [  1  j,  [ 2j  ,  et  (23  j  , 
noua  expos troof  &aa*  ce  travail  dea  rewultxts  cooreaus  relfctii't  *us  poiat-B  2a  et  2,2(  feprfts  \» 
bref  rajjpel  d»  cett e  proetdure  et  das  pt4^64mU»  coaeluaioas  eeeeatiellee. 


3.-.M3aamox  ne  yrswesaosa 

34.  -  Sitte&t  (e  : 

if  eaat  ft  «^pler«r  jats  <&•&£*  (de  tafi«  da  wisent®  1,5  ->  34  #%  &  toaq4- 

ratvtre  cetajpriee  *otr*  fCO  S  *i  UOO  S)  «**uatioe  de  jswfia**  e#(Ss8?4e  ftai 

0*utre  4*Ect»ia  dso  PWKS-ieatsrs.,  iiji.-  !  •  c-«  ft#  tlitfS-ics  (liioreteira  d’eatfti*  4a  , 

la  iirfpisft*  tvr  eSSt'fCT  (*7  j .  coaaiit ,  ft  reeaaiUir  c-ra  !.a  stusi 

d’uc*  aptique  ooi«'«val*le  Is  rsfoscisiwat  iafrer-ot^a  d'ua  |4tit  vol**le  du  ailiat.  ttetidlast  itudift . 
Li-  Bxataft*  an  est  rsqa^atafi  tvu*  la  fi&s*  3. 

fee*  s'leegUur*  [  P-.  j  ,  4ont  lee  are*  optiqg**  *&%  jp«gec&«uJ*iriw  tftti«  vat*  #t  qnft^gaaaa* 
ft  i'asr  ds  |*t,  wash  «tiis#fts>.  Ci*rcu»  da  «*  sibBpfejsOi# Biiuiltati-tfcisit  I'fe.iaiifea  iu«Y** 
reuse. *e  ^ww^seat*  da  tow  las  *s  |e»  ftifeSP  -fta  i‘w»  ii  * 

dast  fitfi  possible  a*  doesner  4  ten  radicsefttraa  tme  sirisine  Ss  eat 

as*  *e  di«po»«at  »ur  If  trajet  te  qui  Joan  is  r&c  ft*  ca  qtii  ecsofftre 

as  poids  SSssii  ft  ftu  «oitsne  »Hul  S.  is  pities  #1  <%*  di*»' 

Si  l’<s*  t#at  «e#Uo^ -iseioore  i*  ^ftia^Uaa  etfeiiS*,  il.  «ft|  ^oe*siiiig«  ’A,sti.tiJs*r 

laux  af$ar*ils  doot  lee  aeus  optiquas  a#  oroisant  m  joint  ft  lioii**-,  et  d''efty3*ti«4.-  uc#  ’feiteod* 


V 
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da  correlation. 

(Jjtte  configuration  peraet  en  partieulier  de  dSfinir  In  coefficient  d' autocorrelation 
Cff,o,s)  de  1' emission  infrarouge  du  point  ooaaidgrg .  fiifin,  si  las  deux  axes  3 or.*  g  cartes 
de  la  distance  J|  ,  on  cesure  le  coefficient  de  correlation  croioge  C  ( tf,  C )  .  En  trajant 
les  courbes  de  C  en  fonction  de  V  pour  diff&rentes  valeurs  de  $  ,  on  peut  faire  apparaftre 
les  parseStres  apatic-teaporels  de  la  turbulence. 

Ce  type  de  jneaures  exige  la  realiaation  d'un  montage  mSoanique  3oign£  et  insensible  aux 
vibrations,  qui  permette  le  dgplauement  controlg  ot  pr€ois  de  l'axe  optique  d’eu  moine  un  radio- 
s&tre  pendant  le  dSrouleaeat  de  1 'experimentation  aeoustique. 


Pig.  5  -  Schdsa  ot  pr...cipa>  da  1 ' installation. 


3.9  -  TVaitaaett  bybrida  da  sigraj.  : 

3.2.1  -  Inters  dd  t  urbul^08 

Un  radiofsf tre  place  1  different**  dis'-ancea  du  plan  de  sortie  tuyere  et  despises  euivant  una 
direction  transversals .  Cfcaeuns  (tea  dour  voles  dr  assure  du  radior  tre  foitrnit  reape etivewnt 

la  radae  cansse  de  la  vWltur  qua.irati^ue  i^-smie  (  >  )  '*  et  la  valeur  sajenne  au  signal 

s/avoluticn  du  rapport  (  reflate  la  gSoeStrie  de  la  aos»  Ae  sdl «nge. 

Go  rapport ,li<  4  1'iutenaitg  ae  turbulence f  eat  saxitsss  en  fin  d#  c&ie  potential,  e*  qui  set  «w 
Svida&ou  i'i*$orta ne«  d*  c*Ue  lone  pour  I'teisaien  aanor*. 

3.2.2  *•  Parafeltre*  spatio-twcc^reln 

tit  coeffieiitEtts  da  eorreiatic*)  €■**{%'&)  cal catty  d  part ir  d~  ***ure«,  ea  dfduit  par 
eslosile  eifejntaires  U*  grandeurs  carsotfristiquaa  da  1*  turbulence,  Rappalsaa  qua  I'iadie*  1 
i«  mediaiitre  1,  l?indi<*  S  le  radioiafctr*  2  ;  »  eat  $£sl  S  l’<cart  antra  }*a  axe* 
pdrtaat  le*  rediowetree  1  et  2  (fig.  3)  at  tl  reprltwate  1*  ratsru. 

5ur  la  figure  4  eat  pHs-sitS  uo  exeppls  do  coefficient  do  ocrrelation  tali \ill a  4 

partir  da  **s.ur*>s  effeetuSss  date  us?  toe#  ti  rvjgrfo  per  la.  posit  ion  du  radicaeltva  1,  radio- 
atftrt)  de  gtiitreaee  on  radi^tr*  fit*,  tfe*  pra*£ftre  analyse  da  es*  osrrJlaM*$  f  §5  j.bodtre 
qVil  I'aid*  d'ven  fioubla  affioitg  ca  pant  8u$*8j?aiMs~-{fi*.  5}  Im  o6w$*s  $$&«&*£«•  sur  le 
figure  fc.  few  ua  t/O  at  up  2$fa  dotaSs,  m  c^atat*  q*je  Is  j*rtia  la  plus  is^ortaata  de  la 
ccurbi  ee  coosarvn  loreque  ^  csoii.  Oa  SVfinit  aiaax  use  Sfcxaa  r*su4*«tsiivc  da  Is  fonction 


da  conflation  dins  la  cone  considSrfa.  Cette  propriftS  tot  encore  vraie  pour  dia  wtsures  effec¬ 
tives  i  difffronfce*  position!  X/D  et  2Y/U  dans  lo  jet. 

Siipaloos  iguleaeat  qu'ua  dfbut  d'ftude  statistic  d'uae  son*  &i  jto  sea fcla  asttre  w  cause 
l'topothlse  de  stotionaaritf  du  ehasp  turbulent.  Oe*  afewiiaea  ft  pits  grasses  Icbellca  partis- 
t«&«  ssister.  Leur*  contributions  an  rayernaaent  soeore  aJritent  d*StiM  Ho&iim. 


ft#.  4  -  Evolution  ties  coefficients  <J» 
eotvtlttien  Ojj{  jP,T?)  poor 
<U  f  Wren  tea  diitaaeea  asialoe 
f  k  c  /fJedpentat  Us  X 
redio&tree. 


afflniti. 


Sur  la  figure  6  ait  pifaeatf  un  exsaple  3e  jatafil  axial  ds  la  vitMM  d#  convection  *3^, 

oi  cat  1 'absciss*  du  auttoa  de  la  combo  £<*>?$,  &  }  .  Cn  raMr^ue  «u»  eatte  -viteese  passe 
par  un  aasfauM  tux  alentour*  do  la  fin  du  cone  potential. 

Sur  la  figure  7  «*t  prfsentf  un  ample  da  piofil  axial  4s  l’fcbelle  isUgraU  da  la  dts»4e 
it  rL«  ?■ ^  Ht  I'afctuft  i@dsei  it 

La  figure  8  donas  ua  exe&ple  du  profil  axial  da  I'Scbelle  integrals  do  la  longueur  de  conf¬ 
lation  ^dau^  <*  ^fVj  Sfit  l'ortofisfc  tie  *•**($,*)  *  gse< 


Pic-  6  *  profil  assal  do  le  viieeee 
d»  convection. 


tig. 

S&tfisaU  '#rl»  majeewr 

1*  v&rtriiUZitm  fctieU, 


3^.3* 


4*  sr'Si 

■Vblf'  -  a*.  S.-A 


v^.af  w  r 


oil  p  cct  la  aasfte  voluaique  et 

*  % 

avee  t'*  t  viteeee  du  flv.  '.de ,  p  :  pression,  Ca  •'  vitsaoe  du  eon  dsne  le  ailieu  su  rapos  et 

le  tsuaeur  vmiti,  on  dfiduit  : 

PU'l) %  "?  , -  ?  r 

oQ  PG?,*)  eat  la  preeeica  scouatique  en  3t  •  &  1*  instant  i  et  ^  «  i  x«.  ,  ^  Stent  ud 

point  coursnt  du  voluae  source.  ‘e 

On  peut  dSduirc  use  description  foraelle  complete  du  chaap  sonore  &  partir  dee  relations  : 

3.2.3.1  -  Auto-corrSlation  cheap  sonore  loiatain  s 

I? {*;*}*  <  ?(£>*) pf*?)  *  +  *)> 

**•>  - ■ss^arf’ff  '?[£  (**  $9  « 

%>  Jit)  ete*e* 

;  s-its'.r) 

(J  et  ^  Stent  deux  points  couruate  du  volume  source) 

«•  V<U»«<  ^%(rj  «1.  ^  Tjf  ( £  t 

3.2.3.2  -  Jens itS  spectral*  JT  ( ic  ,  (*> )  : 

Tfi^uja-S- /*?(*,*/  <5* 

*^*%  *•* 

3. 2. 3. 3  -  InteneitS  eoaore  .*  (  at  )  :  >• 

j**i.  <**>">.  .,  SxteMJ-  M 


f*«e 


e3Keatiexi«u 


f.  ^ 


/# 


iiSiffri-isceea 


la  d£teraiaetioa  quantitative  de  X’Seassioa  aoaore  par  lea  aeauree  d '(-mission  infrsrcuge 
c'ttsat  pas  set uell  ament  possible  par  ssssqus  d'une  wise  &  1  'fichsil  0  dee  sipatux.  les  pfeatiSres 
eespsrsisoG*  dee  risultsts  da  caleul  <tmic  las  aeaure*  eeoustiques ,  pour  deux  rSgiws  do  i'cuctioo 
swtsnt  diS'rtranta,  ae  pouvsiant  Sire  tpse  qualitative*. 

Gee  premieres  coeqjtraisoa#  out  aoatrS  qua  : 

-  le  cslcul  ps4toit  trSs  corractaaeof.  le  tt-ssa  dee  variations  fis#  trend* ur*  acouatiqua?  et. 
Plus  tpccitleesot,  da*  parssiHs**  euivsote  t 

-  anile  d’laitsio o  wuciwle, 

-  frlqunuos  du  ssuiv-.es  de  In  cose**  de  dan?-iiS  s$*etr*i»,  pour  1 'angle  d’irtiseion  wximie, 

«  €cart  autre  le  asxieux  at  le  ia  IHstesaiti  ensure. 

Be  plus,  Vmt&gftw  dss  est*#laticgt  *  s&aSa-S,  *iiei  qua  bow  l'a«su»  reppslS  §  3.2.2, 
qu’il  eat  possible  sS*  &&£*?  uers  ftorw  r*#i»*^£bi*e  le  la  fecctitss  <1*.  corr^lfcti<»  «Uiei, 
catta  fes»*  preMbtaat  dea  Icu-rte  estefclau  r»i-  Is  foma  gtustfitos*.-  Cae  Scart*  no  sast-pe* 
sxplioa^lac  par  la*  ILai'Uiioue  «a  t*adu  psjHUsa'5*  d»  l*ifintrv«*cU.tioc . 

Cat  imtiiir*#  etnaruit iofe»  ecus  out  «e*g$  i  racoueiatrer  le  ssottil*  da  uirbuluso*  feoe  le  but 
da  slaux  icpteeestsr  Is#  pS^oowoks#. 

GiuiauAs  <xKiu**}ii*Rgjiei « ttaactatcs 


k>?. ,.i  -  Sur  1*  iSsjC*  S  ttoat  avoua  pr*e#ttf  ue  exasplu  te  paofil  ^sisl  da  visa#**  do  eoSvettxOu. 
CetSe  ritenaa  wt  diitaie  par  da  1*  droits  ^  i^wit  1'sbeeiSM  du 


ao.ti?m  da  1*  court*  {fig.  k). 


.&  ttimfuiiHttd  *i  «*  ps#a.*i«;s  1#  libs*,  l  l’aida  da  mi». 

couple  at.  da  «es$*  A»  fnusiaaaat  le*  da  riU»»a  at  da  t**/is*lur**  -sacfssfea* 

■  Oo  past  4lO;ni.CQs^e!tw'  is'vi'Sa*#a  do  (swvaKi  iiw.  aafult*  te?  aCtreJUtiiaar-  i  1*  vitae#*  local*  &i 
Jet  £Sw  .xc  p  c*  pt&eeet*  -ax  vaaeii^jp  *t  eetta  e«*>u*ii(«.  tte  obaerve  «  parti**ii#T 
qua  la  tnaa  <ie  ieuWmce  ^valqpjia.  cm  Mu  vitaasaa  ooiseidtat  (su  maw*  de  water* 


-*  '-  '  ^iSSS» 


friiwwt  & 
*flk  49  to 


-  le  looe  <**  1  *1*  <2u  j**. 


10  «  Corrdiatioo  iafr*rtiu#*-infm'Ou«*. 


fig).  0  KHZ 
“£  « 


b.1.2  -  L«  diitfreata  ecaiYioieaifi  da  eowrSleticM  £fd|3U  t i)  <>t«nt  stools  but  bic.de  taagfiS- 
masSri^ua,  ft  I’aid*  A'ua  ^rogetsmt  rss&rlty se  da  tms&neie  d*  touridr  rapid* ,  c*)  calcule 
Sg&cae&t  la  trswiBssiSe  de  FouHar  €&%($/**$  &n  coefficient  dt  correlation.  Ob  tn  fildoit 
la  tew»ifcS  *p*ctr*l«  eicoisje  (fig.  10}  at  la  .  Pa  la  $*^te,  par  ua  calcul  glfaaotaira,  on 
dEtam&i*  la  ritaeee  da  conrectioa  pour  difrtre&tet  frequence*.  La  figyw  Ua  acatre  w  x-aapi* 
d'^gdutioo  da  la  vitatM  da  eooToetiee  as  fonctioe  da  la  frequence. 

Sur  la  figura  11b,  on  a  port*  la  court*  $  dSdaita  daa  correlation*.  Co  catta 

6«rei&a  coartw  oa  Siduit  uoa  vita***  da  ceewotios  ra^jftaaatibiva  dt  I'ecwwftle  du  egaetre. , 

Ob  eonstata  yie  la  figure  11a  oat  trft*  eeaft lefele  ft  la  figure  12  aartfaita  da  la  His'S  sauce  [  2T  j  . 
Dew  ce  cw  perfcicuiiw,  lea  auteur#  utiliaaiant  <Sm  til*  ehaui*  dwu  m  jet  froid. 


*  *  S  4  S  4^ 


ViU*M  j4*  bate*  u* 


& 

i  . 


Vi'tasaa  ie  giofcaU 


Hill  «'  ViUetee  &  **»**^tfcts* 


i*  *?i«r  -**<■#**».**  m  4 


1 1 
i  L 


i***-*:' 

a  ■**  MO  «ai  a*  Sr  ^ 


,  ♦  -3?  :  •  ;■ 


••■•-  ••'•ydaWiWUa-  3&V^:$£ai&‘-'v> « 
• .  j»awwr:'6«fc.~fiail; 
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Jt.2  -  Schellc  dae  longuaura  : 

Bee  correlations  eo  d£duit  (fig.  8)  l'Schell*  int£grele  des  longueurs  reprtoenteti're  fie 
I'enatoble  du  spectre  * 

Dee  denritle  spec  triples  eroicfee,  on  dSfiuit  de  a£ne,  pour  tout  point  du  voluae  source,  une 
Schelle  dee  longueur*  pour  cheque  frequence  du  spectre. 

Sw  l*  figure  13.  on  prfseate  le  traed  ofctenu  oprSs  calculs  de  T.F .  qui  <*oane  direct eaant 
Pour  cheque  frequence  Is-yerietion  <fe  l’astplitude  de  la  dsnsitS  spectrale  croisSe  on  foactioa 
de  3  (Seart  axial  dee  deux  r*dio»3trse).  On  en  dSduit  eiaSrsent  l'Scbelle  integral®  dee  lon¬ 
gueurs  pour  la  frequence  eooeifilrto.  On  constate  que  la  figure  13  eat  seahlahle  1  le  figure  l1*, 
Sgalenent  extraite  de  le  r£f Greece  [2Tj. 


jmstaet 


flf.  H  -  T*ux  U#  fiicrol seance  du  wacieu#  de  la 

corrdlatijsn  pour  difidretitea  frdqueucou 
(v*t.  D»j  ). 


W$  -  CjjB&|qqt8ce«  ? 

C»  op^ratoire  pntototte*  deux  awateges  i 

t.5'1  -  use  rapieltd  to  tip*  sailiscr*  -4sa.*  i4obtenticn  to  i’iaferssticu  {  «a  effai, 

SSTeSto*  sittoto  wseMaterait  i.  effeettor  tea  eort^lationst  de  at&tt&sz  *&***••  l  ••uleewat*  il 
faut  efftottor  sc.  aueu^e  de  corrSlat ianx  Igal  to  contra  de  frSqtoKC#*  t&aieiwt  »t,  #1  fait  fin 

filters®#*  <a  per#  an  p^cisir*  eur  la  ptoittcu  du  wxiiett  du  eosffiniato  de  ecrrjdttito  ;  . 

V.3.2-  wiHeure  j^Scieioa  1#  salt*!  anoasfciqae  .to  tSm$  'ewore  }  «s  aflat,  l- 
\£s’*p*itr*H#  at  i«e  ttoito  (ou  xitow*  de  eeawetiec  jar  b&sda*  to  fsiq'ieaes,  fitent. oonasee, 
on  pact,  <£»».  fa  caicul  wansaiiqu*  (f  j-i.5),  stoglicer  i*  foaetica  P/g?,#)  par  Tfj*;**} 

(0^^ O'?.*  1 1  d*  re  ftit.acni  £rl«  to  eaajt*  4#  fa$ae  sialic,  fi'va#  part#  le  term  to  spec* 

t^t  sit,  fiitotf#  p*sr%»  Id-  £**&•  4*»to£c«toteto<to  toftto.  to  fri-^to»*e.5^t.aqto  $s£tif«*s*3*  per 

I'tdsalla  iatie-rale  <fe«  lar^tonre  ctoreniaidaet  i  at  ttua  pitot  par  toe  Sctoll#  integral# 
pottf  l*to«toi»t«  to  aptotre,  . 


3.-  mam£>^£iM  mean*  m  ssohh  tjt> 

.to  signal  toii.trd  jar. lto  d$t*«v*to*»  Hi  i  1'toiaatou  tofrtoou®*  to  Jet  ctoto,  eat  tit*  rouo- 
tic®  to  la  toctoctaatito  to  to  la  Uagtoeter*. 

to#  asserts  to  iatotote&fa*  #xtotU«ss*r*  *3  towns,  «t  pgr  tort-  to  i*  j.o&  to  vafinv. 

-  tine  -to  «  ai#pel  c&  toceiine  to  oac  crto*«cc.  Stoeauxea,  fr  pterteir  to  1%  ccsw&LaiicG  iufme^s-aoet  ■• ' 
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different**  inforsMtiaoi  sent  &5duitea  et  peraatteut  da  docacr  une  iuterprStatico  pb;y*iqu«  du  signal . 
Pour  cels,  de*  microphonec  tout  pisdB  dsns  le  cheap  proche,  le  loud  d’uae  ligne  parsllftle  &  l'sxe  du 
jet  et  £  use  diotance  auffisnastnt  petite  pour  qu©  cheque  microphone  read*  coopts  osaeatiellswent  du 
Mg-onneotent  scouatique  d'una  aeule  tranche  du  jet . 

5.1  -  t'saslysa  spectral*  du  eignul  sicrophcoiqua  aoatre  qua  le  wtaiwua  du  spectre  dficroit  de  f*$cn 

aoootoee  lorsque  l'oc  t'Sloigse  du  plsa  da  aortic  tuyire. 

5.2  -  L' analyte  apectrele  du  signal  infrsrcwge  prlaaute  la  v£at  csrsctftre,  avee  use  paste  diffSrente. 

5.3  -  lies  den* its*  apactralae  croiaiea  ca  dlduit  le  ccctributico  du  volvaw  aourse  observes  par  l'iafru- 

rouge  an  rtqroanamsat  soaore  «s  ftsSquaoc#  et  ea  directi viti.  Uh  example  typiqua  eat  prSaent i  : 

-  lors  de  meauree  affactulea  dans  «a  jet  libra  supororitlqu*  iaeu  d'uae  tuyftre  ft  corpa  control 
muni  d've  oilencieux  ft  atructure  oficaaiqua.  Is  eorrelstica  inf r urouge-iu f rsrougc  (fig.  15)  aoatre 
Is  prCseaca  d'uae  iaiasion  spectrsla  psrticuliftra  aus  sleatoura  de  13  S2s  flow.  us  wiuae  linite 
axialesumt  aur  use  distance  de  ltO  am  environ  (le  diasaStra  da  Is  tuyftre  6 teat  de  90  as  environ). 

One  correlations  infr*rouge«ei.qrojhotiaa  places  dsns  le  cheap  proeha  (ft  we  distance  radiale 
de  too  am)  oa  n  pu  dtduire  qu'S  catte  Saiaaioo  apectrele  partieuliftr©  corrotrpoud  une  Juaiatico 
see  ore  aituSe  dssa  Is  mSae  bauds  de  frequence  avec  un  raycnaament  aaxiaua  ft  $0°  environ. 

Csb  observations, eysat  6t6  effactufiee  dssa  1 'installation  de  1  '05'gRA  oft  dee  meaurea  accmati- 
queo  dsns  1«  champ  loin  tain  root  nos  sigaiileativts,  cut  6t$  easfira£««  per  dee  ns cures  aeouati- 
ques  dace  is  -she *fcre  aourde  du  CSP  -  SACTJL1  ft  use  distance  rsdisla  de  6  n  (assured  aeouetiquee 
<»srfe.l>  cfcapjj  lointris).  * 

Sir:  la  fi.Quro  If  ca  s  portf  i'asslysu  apeetrsle  par  tint  d' octave  dr  signal  aicrophonique 
prelevS  Asia  la  &wp  lo retain  pour  difffirvnte*  position*  mgulairea  0  (angle  forme  par  l'sxe 
du  jet  et  la  direction  d- observation). 

On  r«a*rqu*  qua  cette  6*isaieo  eat  effeetivantut  mssimun  pour  &H90° ,  ftinsi  cu  a  pu  prSvoir 
lea  coatSqueaws  scoustiquea  de  I'esistsoce  d'uae  coofigur&tioa  turbulent*  situfe  dans  us  volume 
bits  dSfiai  d>i  jet  libra.  I.’ analyse  da  tela  riaultste  par  band*  de  frequence  aet  sotuallaaaat 
eu  coura  [  28 }  . 


yig,  Xit  *  Coeffia&nt  <*»  eormteatsao  is-it,  rig,  U  -  Sjiactr*  (1/3  d'estawl  aa  e»0. 


♦n 
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DISCUSSION 


Df  DinMsckfc ;  l  wouM  like  to  ask  the  authors  whether  they  can  explain  the  fact  (comp.  Figure  9)  that  the 
measured  convection  velocities,  Vc  ,  for  small  distances  x  from  the  nozzle  are  considerably  sss  jt  than  the 
corresponding  jet  velocity,  V, .  Is  it  passible  that  the  correlated  parts  of  the  infra  red  signals  in  these  cases  are 
not  generated  on  the  jet  axis  but  by  large  structures  in  the  turbulent  mining  region? 
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SUMMARY 

Due  to  the  complex  "mix"  of  noise  mechanisms  for  current  quieter  generations 
of  aircraft,  It  has  become  mere  difficult  to  detect  the  small  changes  Ip, 
overall  decibel  level  which  may  result  from  localized  design  modifications. 

An  increasingly  popular  diagnostic  technique  establishes  "causative"  rela¬ 
tionships  between  Individual  noise  source  phenomena  and  the  overall 
(composite)  sound  radiation..  The  method  uses  real-time  cross-correlations 
between  the  far  field  sound  pressure  and  fluctuating  physical  parameters 
occurring  In,  on,  and  around  the  nolsa  generating  machine.  The  technique  is 
based  on  established  aaroacoustlc  theory  and  has  been  shown  to  yield  Infor¬ 
mation  on  acoustic  source  distributions,  their  local  spectra,  and  scales  of 
coherence.  The  present  paper  reviews  the  basic  causality  formalisms  and 
Illustrates  tneir  use  by  reference  to  a  nuaber  of  proven  experimental  appli¬ 
cations.  It  is  shown  that  by  judicious  choice  of  control  surfaces  the 
methods  can  be  adapted  In  unique  ways  to  the  elucidation  of  a  number  of 
unresolved  noise  generation  and  suppression  phencaens.  Examples  pertaining 
to  jets,  suppressor  nozzles,  rotating  fan  b’^ies,  and  flow  interaction  with 
leading  and  trailing  edges  are  Included. 

PRECIS 

Le  problems  devaluation  de  I'offet  de  modifications  geom^triques  d'elements 
d’avlcns  rode  roes  ’'silencieux'1  sur  le  niveau  du  bruit  est  d’une  complexity 
considerable.  Ceci  relive  du  fait  que  le  changament  de  la  pression  seniqre 
resultant*  solt  parfois  tres  fdble  a  cause  de  1 ‘existence  d'un  grand  noefcro 
das  sources  discrltes  d'^nisston.  (Me  technique  bleu  utile  dans  /'analyse  de 
ph&omsnls  de  ?«  guars  est  celle  ci's  relations  de  causality  entro  de  sources 
de  bruit  et  le  radiation  totals  du  sm  dans  une  direction  donee.  la  coroU- 
tion  <fe>  la  presslon  senoro  ae'surle  bfer,  £  1’aval  de  l'sporoil  autc  le*  variables 
fluctuant**  aux  sources  pm  des  propulsiwrs  rone  possible  le  calcul  tfe  la 
localisation  des  sources  et  leurs  charattlirtstlques  speciralcs,  de  coherence, 
etc..  Dess  1 'article  pnjsept^  id  oa  passe  en  rowe  1*  thsorie  de  causa Itte 
»n  ee  qd  concern  H  glner* tie,**  trait,  sulvi  d*  Illustrations  prises 
a* applications  practiques  *u  lobqratefre.  Aussf  fait-on  dfenstration  c& 

1  'utility  cl'.ua  eftofx  eopropri 4  4i  surfaces  de  control*  pour  1 'etude  de 
pMcca&ws  oe  pro-nation  ct  d’&feiitatfdft  de  bruit,  let  exeagle*  pn‘s  &  la 
pratique  cdstordnt  des  jets  de  vitaise  elevse  dp  g,>$,  das  asfceuts  suppnaa- 
tear?;  rs^as  dt  venti lateurs  et  las  arnSts  d' entro*  et  de  sortie  ds  proflU 
urodynauJqvwi. 


1,  INT$30i£TI0* 

In  t&s  qc-yst  fr,p  solutions  to  the  aipcrsft  noise  fvh&tes»  and,  in  particular,  for  a  fundamental 
uft&fstensinf  of  nefSe  ^anorsUon  mechanics#,  it  will  fee  >«cessir»  to  resort  to  a 

WTi«t?  bf  iiti4  ef  xttlg&attSc  lecMq-’aas  and  sptsis!  pro&irrg  devtew*  irme'iticntlty  aate 

pf*$ro?ss  hm  h«*n  #%Se4  bn  rasaor'  tsdV«$  cars setrre  rngtSe^s  involvieg  sMsasoroaijuts  of 
ss&retl  sat«d-  lav«l  o?  toes?  (fl.-etoktisg)  or  the-  source  flow,  tfcs  ts  ifes 

oMs*  "sis'4  of  scutate  for  current  fitter*  pygpyisii*  r/sfetis  it  becomes  difficult  U 
douct  the  ssill  cnaagea  is  over*!!  dP  level  «Cy  molt  frost  localised  jssreamtrie  mo&if  feature. 

4s  approach  ef  fitcrosiiiig  popy  rarity  syslclts  tfe»,  “ee^ltty*  of  eross-comUtiCK.  The 

r.«IW  lapliastieca  cf  tills  **t3e4  wrro  first  <fc$c-rlfesd  by  as  pnent  author*****,  starting  wi^t 
Hta&Hahed.  wro-ssustii:  saso*g?,  S*sl  time  cf^ss-csroelatis^s  aro  savvied  .&s£se*s  far  field  rotated 
sewed  and  the.  virtea?  *&sm  *1oct5»fcf?w  «fl»bles  mtsairffnf  In.,  on,  srtmd  tkt  nof«  gc^roiini 

tlws  msttfeae  Ms  the  *$*&&%*  of  ^■^ftertsfRat*  .betsmee  lt^iti«ts  sooro* 

ptesacsiSfte  «.t h&s  Wild  4  Mt-  d»isib«tiae  to  ilvt  tS^st  somastf^e 

sewret  flscfeasffoat  ee  5a  tea  eoiT#f*tieK 

fvRCtlcs it  yield  infomtics  tn  trsuitic  s««^  dtitirifcatiws,  tiftir  local  ipe-ctro,  mi  comma 

iz&U&y  for  a  wt«k  of  ctafisorotioa*.5''4* 

Cfca  bfcieetiue  e?  tS*  ?s  t®  t&tfst  Se  6«fs.'  toBAlfs*  ses  to  illcttrst*- 

*Ht*  fey.rtr«s%sce  to  *  fmm t'x§*ef wests?  ajssIftSltoni  it  will  U  t*m 

ft»t  ty  JuEietoss  awtee  •??  ewtnal  is  MAf'qNt  as  tSi  d(«gagtU 

*  *snKr,!*a»  «tse  <M  ss rtmmm.  'Exaisples  pe?t««ie9  to  frsthw&m 

sdr.fsn  olioit  sxtf  ot htr  Warojx  of  tugfso*  fatontcife  aj/itt  one 
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2.  REVIEW  Of  UNDERLYING  THEORY 

The  basic  origins  of  noise  generation  In  fluid  flow*  car  be  ascribed  to  velocity  or  pressure  fluc¬ 
tuations  In  the  source  region,  either  In  the  valusw  of  "sensible  turbulent  motion"  or  at  boundary  surfaces. 
The  classical  Lighthlll/Curle  solution  of  tie  wave  equation  gives5: 


p(x,  t) 


CltLL&l 

*1  \  4,r 


s* 

3*^ 


pi  2  ■  V^ij  *  tij} 

Tij  2  +  {P  •  «*■»>  6ij  *  Tij 

[  3  denotes  evaluation  it  retarded  tlee 

Thus  the  radiation  fro*  a  low  speed  turbulent  flew  can  be  spproxtiated  by  either  of  the  fallowing 
equivalent  fores*; 

rtf v  n  ^  au/ul 


P(i.  «!  ■  T&*  )  ,  «*> 

V  1  c 

»<S-  *1  ■  ISF  ^T#\r  *<»> 


Curie  Introduced  the  effect  of  surface/flow  infractions  by  including  the  surface  Integral  terns  in 
equation  f 1 } «  such  surfaces  can  be  real  or  nay  be  hypothetic;!  control  surfaces  selected  so  as  to  exclude 
an  uninteresting  or  excessively  ccopllcatad  region  from  the  field.  Whether  rigid,  or  flexible,  the 
radiation  froa  these  surfaces  will  be  accounted  for  by  an  eppioxlaation  consistent  with  (2)  and  (3): 

* 

p{*.  t)  «  tfj  (cwcc  +  PsCose)]t_r  03{y)  14) 

In  equations  (2)- 14)  the  field  point  at  x  is  tak^n  to  bo  far  reaeves  fro*  the  source  region. 
Tirtxileftt  velocity  fluctuations  o  and  surface  TOW)  velocity  u«  are  arsumsd  wall  with  respect  to  t>* 
aablent  speed  of  sound  c.  The  qutsl-incoaprojsibie  pressure  pi°'  approaches  the  total  pressure  fluctua¬ 
tion  in  the  source  volume.  Surface  stress  fluctuation  t  is  sasll  with  respect  to  surface  pressure  p  . 

The  angle  o  describes  the  direction  af  the  field  point  at  x  with  respect  to  'he  local  surface  aorealV. 
the  source  pointy,  r  is  the  distance  between  r  “nd  y .  (For  high  speed  flows  wore  tcaq>llcat«d  solutions 
are;  reedad,  to  account  for  the  presence  of  thariai  ana  shear  stress  fluctuations,  together  with  convec¬ 
tive  and  refractive  effects.  Th*  exiv&aca  of  such  solutions,  and  their  potential  ispertaaea ,  are  the 
subject  of  mch  current  debate). 


2.1  Classical 


localisation 


To  date  rmartNre  have  i»t  been  v*iy  suemsful  in  obtaining  detailed  iafsreatiss  about  the 
spatial  distribution  and  character  ef  eleamtevy  sources  in  ref sa-gener* ting  ffc**.  Tredltfsaaf  ettmns 
tem  based  on  squared  aati  tl*»  s^rjged  versions  cf  equations  (2)  to  {4)  iJsieh  yield  the  radiated 
accustk  intensity  in  t**ss  of  eosples  two-point  eorrelattaas  of  source  fluctuation  for  example 

fro#  (I):  ^ 


•§)3  d*| 


5,  is  * «  arbitrary  wstor  saperottoft  M&««n  two  point?  of  -detect!  oa  cf  vm  teure*  «sm  sa  *  One  of  the 
seat  successful  fif  such  an  expe-rlawtt  f|  that  of  fcw**  in  @*fcsi  tfee  full  three  dfiMOsiorel 

strestvre  df  twtclrec?  rear  «  paint  fa  c  jet  exhaust  m$  «4d  to  predict  the  townie  saurce  redfxtion 
fro*  64t  point.  Hfeffftr  to  duplicate  iwdt  ifl  ex$*rtMat  tvnuvy  Sfiere*  points  would  oe  f<vre1debl« 
becifej*  of  the  woreesa  auefeer  of  Individual  eroas- correlation  sMiureaents  s&peasaty. 


A  sere  eire-ct  tecHafqt*  estafelitMt  relative  reNtit^shlps  m  Swats  wries*  sot  res  flvctuatiw 

(pammseet  M  t^e  radiated  waad***.  til*  fortwHs#  $?&»•&  «  follows-,  fotfe  sides  cf  «te  basic  radi¬ 
ation  teptfitce  (1)  is  (*l  are  fey  *e**d  preaivre  ptM'*)*  *fcw*  f  - 1  2  t,  red  a  tin*  average 

is  uim,  Kt?^foCia«  ceriala  statie«ary'  rfewastVaria^lH,  we  find  the  uuUxorrelatioB 

fuactioa  for  vcluae  tenereted  frea  (3)  agvi«t«jay,  free  it}- 


»'<c} 


^U*r 


P(8>SKc*)} 


*  c 

y  ni*  tal'TnStignv  TeroT ( 3)  |i  tstqfly  cnedttdd  tx  tJ*  cc^TsM  effort?  of  mi  fe/d,  Cctos, 

Iftc  Sibear5'.-  R1b*ar  has  fhgafci  that,  »UU  (£}t  escativk  |3)  leeHcitly  ttcownu  fee  adSItfenal 
rtdiitiow  due  to  the  pma tee  cf  ritfg  surfaces  in  tee  sourer  retie-u 


Similarly,  rguation  (4)  yields  the  autocorrelation  function  for  surface  Interaction  noise: 

h  h  ipVc  +  p? 0056)3  dS 


1  ’T"c 


(7) 


The  causality  correlations  on  the  r.ght  hand  side  are  functions  of  t’;  typical  correlation  functions  are 
shown  Inset  on  Figure  1.  Such  'unctions  may  be  coeluted  with  one  of  several  signal  correlators  now 
available  on  the  market. 


FISH'S  1  NOISE  SOURCE  DISTRIBUTION  IN  A  ROUND  JET  BY  CAUSALITY  CORRELATION.  DASHES  CURVE 
SHGwS  TYPICAL  DIPOLE  CONTAMINATION  OIK  TO  SIDE -FORCE  FLUCTUATION  ON  PR08E  (2) 

The  acoustic  contributions  fraa  eacn  unit  of  source  vt1*  or  of  surface  area  are  deterr.lned 
explicitly  In  ter*s  of  the  causality  functions: 


¥ 

*  3Vcs* 

C  f^r  Pm~P  (f)  \ 

,  £ 

C 

w 

»K*x 

t  frr  <*V'T,)  i 

T 

.  t 

L_ _ - 

c 

Equivalent  forws 


H 

dS 


K5T  C  I?  ({V-  *  PsP  t:nd)  3  .  r  ! 

_ _ HU 


(6) 


m 


Alternative  fines  of  (8)  and  (S;  ere  pessiislr  w#»re  &n  t  ~  derivatives  are  replaced  by  real  ttac 
derivatives  of  the  source  fluctuation  quantities.  Thus: 


17  flVc  )  *  ^ 


js 

It* 


Pr*'p(r)  <•  -  F*VCt)  .  etc. 


The  two  U1*i  on  the  rfs&t  hand  side  of  (9?  deserve  km  fnterpretmcs.  Th»  first  describes  the 
r«1*t1sn  per  unit  iree  frae  ««y  pulsating  surface  wolds  displaces  tone  net  vcluwMric  fl-us  Into  t..e 
sateens'!  m&m  (swopeU  sTcetrlbutlon).  Tfct*  tt«s  's  ioelntnt  fc-c  *  jjwll,  bedc-Msdawfi,  *m!4-fr*«t»ee#! 

For  rtdlttfrs  wSlch  are  net  well  coaerred  with  *  vtweltyapift  t&t-  Cost  tern  In  {91  1«r<*  to 
the  dl reel'll  nettm  cf  iNe  rtdUtfor.  Sots  Eh»*  taw  of  tM  direct igeit  effect  is  tvHed  in  U*e 
«-rr*Iltier  f,*setioe  si  »»!!.  1**e  jncodj  tew*  will  in  am  wM«  »  »i»t:c*»ry  or  rigidly 

«5v(nf  serfitt  uasel&m  sMirflaie  in  response  to  sstenwl  ft«a  (dfwle  cofttrlfcunlso}.  For 

\<1brst<m{  i«rf*ess  both  t*n«  l;?e  generally  Naporiaet. 

thus  th*  ‘surface  dipole  sfrencth*  for  c  stationary  surface  or  «  rigidly  fas  ti»d*  say  be 

dadbeed  t-y  cro*t*cerre?*t{*5g  fh*  surfest  pwscr*  flxctuetites  e*  with  the  far  field  Sound-  For  extaple 
tha  dfsgsicsis  of  dlpgl#  fellatio*  fre*  *  flat  plate  aecofgfl  e*  clrcvHr  Dtwrh6«e  with  separated  flew 
aver  Oft*  Surface,  led  to  a  source  dlstrSHetlo*  plfct  as  depicted  is  Figure  r-  (fraa  R*f.  2*.  ScrrespaeUrgly, 
tie  tocret  itrerijtH  per  s*ft  velca*  cf  tcrfelerce  can  be  wtlssted  vsiee  eft^  version  of  (El.  k  typtett 
result  for  a  low  speed  terfeutatt  Jet,  to  Steckl  V*  is  depicted  1b  Figure  i. 
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FIGURE  2  SURFACE  DIPOLE  STRENGTH  FOR  SEPARATED  F  J*  OVER  DISC  SHAPED  MODEL  (TAKEN  FROM  REF  2) 

2.3  localised  spectra 

Fourier  transforms  of  (6)  and  (9)  give  the  elementary  spectre  frost  each  unit  of  surface  or  volume**1*. 
Thus  the  contribution  to  the  overall  spectral  density  ♦(«)  In  a  given  direction,  arising  from  the  dlltcatlon 
pi'i  at  a  point  In  the  flow  Is: 

a?$-  ■  fe-  %  tpf,,p(x)  ]?  c  a 

where  %  means  Fourier  cosine  transfora  cantered  on  t  *  r/c.  Such  spectra  nay  also  be  measured  directly, 
by  narrow-band  filtering  the  source/fleld  sisals  before  correlation.  Hence  for  a  rigid  surface  (un^ceast) 
the  surface  dipole  strength  of  a  spectral  component  would  be  given  by: 

(  “  5™  I  I  ^  (12) 

-  where  |PS?|  is  the  amplitude  of  the  filter®}  (sinusoids!)  correlation  function, 

2.4  Sales  ef  coherence 


Th®  IoceI  extent  of  coherence  for  the  dilatations!  pressure  field  Is  defined  by  a  correlation  volume 
Vc  where: 

r27  (ui 


re  • «, 


Her.)  the  integsml  on  tfce  left  hand  side  represents  i  two-point  correlation  function  for  pmte  separations 
|  within  the  asuren  region.  analogy  with  aquatic ,i  (S)  it  follows  that  tbs  rource  strength  per  unit 
volume  for  a  source  paint  y  will  be: 


“  bppf  1  *wr  i 

Equating  (24)  with  (#),  sM  uste§  ?i0),  set  Vbr  the  ocmiUtlon  voltese: 


(») 


<V 


G$j£?v 


V 


A  parallel  definition  of  correlation  area  for  surfaci  dipole  distributions  Is  given  In  Ref.  2. 


Thus  the  causality  functions  carry  Information  about  the  local  source  strength,  spectrum,  and  extent 
of  coherence.  The  ®sthod  Is  not,  however,  able  to  resolve  the  “shape"  of  coherent  regions. 

2.5  Arrays  of  discrete  sources 


As  applied  to  arrays  of  discrete,  well  separated,  and  uncorrelated  sources,  the  causality  approach  is 
not  new.  For  Instance,  several  years  s§o  6cff  described  a  series  of  source  local Itatlon  experiments 
wherein  each  source  was  characterized  by  a  single  near- field  reference  fluctuation.**  For  such  an  array 
our  Integral  distribution  expressions  (6)  and  (7)  may  be  reduced  id  a  simple  approximate  summation,  giving 
the  net  rar  field  radiation  at: 

Sat  “  hP'Sc  >h  +  <  aP"Vc  >n  (17) 

Hare  H  and  N  derate  the  total  msber  of  discrete  surface-distributed  and  volume-alstrlbuted  sources, 
respectively.  The  values  of  dpvdS  and  dpVdV  are  unique  for  each  of  the  nth  and  n«i  sources. 

The  contribution  to  p*net  from  a  single  coherent  voluee  source  Is  given  by  the  term.  Thus: 


C5,,'p]*( 

■umnwiKtaH 

JET* 


Here  dpVdV  and  Vc  have  been  eliminated  by  substitution  of  equations  (8)  and  (15).  Hence  in  the  special 
'*  *  •  is  the  maximum  value  of  the  causality  correlation  coefficient,  squared 


case  of  discrete! 
yields 
further 

of  sources  Is  estimated  from 


ITTrn  i  ■  *privpn*tni  ,T3 


ss  tj»  maximum  value  of  the  causality  correlation  coefficient,  squared, 
to  from  the  source  point  of  pi*1  detection.  It’ ‘Is  nof  uncommon  to 
of  equal  strength.  Then  In  the  ebsense  of  surface  radiation  the  number 


A  parallel  analysis  can  be  developed  for  the  surface  distributed  sources. 


In  conclusion  It  should  be  pointed  cut  that  a  large  value  of  normalised  correlation  Cu.,,  Is  necessary, 
but  not  sufficient,  to  identify  a  dominant  wise  source.  One  must  first  of  all  know  that  MS  Is  Indeed 
measuring  a  source  fluctuation,  not  merely  a  near-by  acoustic  signal.  The  extant  and  coherence  of 
continuously  disirfouStS  source  phenomena  must  he  assessed  from  spatial  surveys  of  the  appropriate  “causal 
relation*. 


:t  has  occasionally  bsen  suggested  that  the  causality  sethod  is  only  valid  for  the  case  of  many 
spatlclly  uncorreletad  joureas.  There  is  not  such  restriction  In  the  analysis  of  Sections  2.2  -  2.4.  In 
fact  where  sources  poms  any  degree  of  counter-coherence  (anti -plus*  ecetponents) ,  Wife  causality  correlations 
favor  only  those  residual  source  phenomena  which  make  a  constructive  contribution  to  tht  radiation  in  a 
specific  direction.  This  property  may  be  illustrated  with  reference  to  a  very  simple  ex/ussi  e. 


/Ju4>.  § 


smi  iuistsATitsi  or  cAJis&m  mims 


¥$  ©tsmfctor  tee  mil  law&pctktr*,  etch  of  eraa  t»mu$  inffnlt* 

is  pesttieswi  maftwl  to  t5*  tafflg  sad  tmmatmi  tab  qgeassra*  as  1 

■fiWt  I.  On  sstffefcss*  A  it  ff«g£  a  itny  -C4«&1e  et  afcssrtaf  Pit  mfte*  « 

Use  scatter*  ara-  cHm  ey  tow  rtrteg  nets*  satfe  f&l'-tftt  tyotcal  umleafths  a 
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compared  with  speaker  dimensions.  Each  speaker  cone  Is  assumed  to  move  as  a  coherent  unit.  Ue  consider 
four  cases  of  excitation;  the  results  are  summarized  In  TABLE  I,  below: 


dp*/d$ 

Sc 

CRSX 

(1)  speaker  A  only 

1 

1 

i 

1 

(2)  A  8  B  in  phase 

2 

2 

4 

1 

(3)  A  1  B  counter  phase 

0 

0 

0 

0 

(4)  A  &  B  Incoherent 

1 

1 

2 

.707 

First  only  speaker  A  Is  driven.  The  causality  function  u„p  will  appear  as  shown  In  Figure  1.  For 
this  reference  situation  the  quantities  dpvdS,  p5^  and  are  arbitrarily  given  a  value  •  1. 
Also  I he  piston  arcs  Fp  *  1  unit. 

Now  the  second  speaker  Is  switched  on,  driven  in  phase  with  the  first  and  generating  the  same 
surface  acceleration  u..  In  this  case  the  far  field  pressure  p  i§  doubled;  hence  dpvdS  and  S 
are  doubled,  following  equations  (9)  and  (16).  It  follows  that  p*net  ■  4  according  to  both 
equation  (17)  and  our  cesnon  sense.  remains  equal  to  unity  however,  since  there  Is  only  one 
coherent  source,  although  now  twice  as  large. 

In  this  case  the  second  speaker  Is  driven  counterphase  with  the  first.  Thus,  although  the  source 
fluctuation  level  remains  unchanged,  the  far  field  pressure  will  be  zero  due  to  cancellation. 

Hence  dpVdS,  Sc  and  Cmax  are  also  equal  to  zero. 

Now  the  two  speakers  are  driven  with  equal  rms  acceleration  un  but  from  two  unccmjlated  signal 
generators.  Thus  dpVdS  Is  unity,  as  In  case  1,  because  the  causality  function  u.p  is  unaffected 
by  the  radiation  from  {L  $<.  equals  the  area  oF  a  single  speaker  but  since  there  are  now  two 
uncorrelated  sources,  p3^  ■  2.  The  correlation  coefficient  Caax  ■  .707. 


3.  DETECTION  OF  SOURCE  FLUCTUATIONS 

Hot  wire  and  hot  film  techniques  for  detecting  velocity  fluctuations  (In  the  presense  of  a  mean  flow) 
are  well  established;  however  difficulties  arise  when  components  at  arbitrary  angles  (e.g.,  ux)  must  be 
measured  due  to  the  presense  of  a  steady  cooling  flew  along  the  hot  cylindrical  element.  A  measurement 
of  the  pressure  pf*'1  or  Ps  is  conceptually  more  attractive.  In  view  of  the  scalar  nature  of  the  variable. 

The  difficulties  Inherent  In  the  accurate  measurement  of  "static"  pressure  fluctuations  In  turbulent  flow 
are,  on  the  otfcer  hand,  well  recognized.  Earlier  work  by  the  present  author  led  to  the  development  of  a 
special  error-compensating  probe  which  effected  a  reduction  of  turbulence  Interaction  errors  to  a  Halted 
degree,  but  was  rathe  complicated47. 

3.1  Probe  contamination 

Recent  studies  have  revealed  a  more  serious  difficulty  which  arises  when  undertaklivg  causality 
experiments  with  a  pressure  probe  of  conventional  cylindrical  geometry  (such  as  probe  (2;  In  Fig.  l)T'se. 
Extraneous  radiation  due  to  preba/flow  Interaction  1«sds  to  a  eentswlnatlon  of  the  correlation  function  ss 
shown  In  Figure  1.  To  understand,  imagine  a  patch  of  turbulence  correcting  past  the  probe.  On  interacting 
with  the  mesa  of  the  probe  a  localised  fluctuating  side  force  is  Induced,  sending  a  dipole  pulse  to  the 
field  microphone.  A  short  time  later  the  same  patch  of  turbulence  interacts  with  the  stem  of  the  probe, 
sending  off  another  dipole  pulse.  These  dipole  pulses  are  coherent  with  the  basic  p^1  fluctuation  *ad 
therefore  sake  an  extraneous  contribution  to  the  correlation.  Because  the  contestfftasts  leave  the  probe 
earlier  and  later  than  thv  true  signal,  the  result  Is  a  tendency  for  tha  correlation  to  fee  broadened  In  a 
peculiar  way  near  the  correct  value  of  acoustic  travel  tins,  as  In  Figure  1.  Using  a  shorter  nose  cone 
(reducing  the  distance  between  nose  and  pressure  peri),  makes  the  throe  contributing  effects  less 
distinguishable,  so  that  one  is  not  sure  how  much  dipole  contaainatien  Is  present  in  the  signature. 

Thus,  causality  correlations  involving  free  stream  turbulence  Fluctuations  (velocity  oj^  pressure)  appear 
to  b*  highly  sensitive  to  the  d«§m  of  splices  probe  Interference  noise.  The  situation  seam  to  descend 
Civet  tte  probe  flWHM’attd  radiation  be  much  weaker  than  tte  If^eront  self-radiation  Ikon  the  adjacent 
correlutl&f.  voltass  Vc.  To  put  the  probe  centaaslnstlon  affect  on  *  qyatrtitattva  basis,  a  parameter  called 
•pvube  eantauioattoft  ratio*  has  bean  established.5*  PCS  Is. defined .«  the  r*ttp  between  the  «o#s«$qusrsd 
acoustic  pressure  due  to  dipole-type  radiation  fra*  m  probe  surfeso  *»d  the  m»*sg#areS  acoustic  pomw* 
due  to  genuine  quedrusals-typ*  radiation  free  the  adjacent  corroUtios  voleag  af  fluid: 


PC* 


m 


Subscript  s.  donotas  effective  radiating  am  far  pro!#.  tosoviag  tho  prete  to  be  sail  with 
respect  to  ffte  earralatiph  volume  v,»  and  using  oumsi«*i»eiy  .Ufcery  to  resists  ffobe  force  fiustastior.*  to 
the  Wrfcul«flto  Induced  vel&tty  flultuattOM.  tin  r£S  H  isrlgsd  in  rofaraw*  13  for  both  Fore?  and 
shear  stress  flsst&stfda*  ch  t  typfcal  probe, ‘For  a  syMaiHcal  probe  altfsmd  with  tha  <s**n  flow,  th®  KM 
can  be  estlamted  from  the  refeitsn: 


m  •  tsriW  %%)S 


I  s  is  «.n  corfseHiisn  arse  i&r  t$*  tastslaw*  atrectaif** 

pfresttar  that  for  *  |t«ai  retts  yi^,  Uus  U 

flw  This  '6  feeoore  of  the  ii*  Mcmfe*#  of  tte 


(21) 

m*  mfeslgdlfy  W  The  Ifeeh  ffc, 

*  s mu-  -wi&te  taswiiblbs  m# 

Ue  o*  irnemre 


of  the  Inherent  self-radiation.  Assisi ng  that  t  value  PCR  <  0.1  Is  desirable  In  order  to  avoid  over- 
estimation  of  the  correlation  functions,  It  may  be  shown  that  when  used  In  a  turbulent  jet  of  diameter  0, 
a  cylindrical  probe  of  diameter  d  should  meet  the  following  criterion: 


- - 

d 


This  relation  accounts  for  nose-generated  side-force  radiation  only. 


tt 


(22) 


3.2  Foil-type  pressure  probe 

In  view  of  the  above  finding  It  became  clear  that  the  best  possibility  for  suppressing  the  extraneous 
radiation  rested  In  minimizing  the  surface  area  of  the  pressure  probe  In  the  direction  of  the  field 
microphone ‘,,e 11  This  consideration  led  to  experiments  with  a  number  of  foil-shaped  or  knife-like  orobes 
which  are  designed  to  be  inserted  Into  the  source  flow  such  that  the  plane  of  the  foil  Is  coincident  with 
both  the  direction  of  mean  flow  and  the  direction  of  acoustic  detection.  One  such  probe,  developed  by 
Rackl1*’  Is  labeled  (1)  In  Figure  l.  For  subsonic  use,  this  probe  Is  made  Insensitive  to  velocity  fluct¬ 
uations  both  normal  to,  and  In  the  plane  of  the  wodgp-shaped  foil  by  locating  the  pressure  sensing  ports 
very  near  to  the  trailing  edge  (two  ports  register  the  average  of  upper  md  lower  surface  pressure).  Thus 
this  type  of  probe  is  capable  of  giving  an  als&st  error-free  measurement  of  p'9'  while  at  the  same  time 
minimizing  the  spurious  dipole  radiation  In  the  direction  of  detection. 


Current  findings  suggest  however  that  even  a  foil -type  probe  of  the  configuration  shown  here  does  not 
adequately  suppress  the  contamination  due  to  self  generated  noise,  when  used  In  a  small  laboratory  jet 
flow  (H,»  0.3,  D  «*  Tie  inches).  The  prcble®  is  thought  to  arise  frost  a  dreg  dipole  associated  with  stream- 
wise  force  fluctuations  on  the  cylindrical  probe  start.  Such  a  contamination  source  can  be  significant, 
except  for  radiation  directions  coincident  with  the  axis  of  the  stem.  This  possibility  is  belnj  Investigated 
further.  In  the  long  run,  optical  putting  devices  such  as  the  User  doppler  velocimeter  may  afford  the 
best  naans  of  detecting  source  fluctuations  within  the  volume  of  the  turbulence. 


4.  APPLICATION  TO  SUBSONIC  JET  NOISE 

Paradoxically  although  we  claim  to  knew  much  about  the  mechanisms  of  jet  mixing  noise  we  are  not,  to 
this  day,  absolutely  certain  about  the  basic  distribution  and  spectral  character  of  the  elementary  sources 
In  subsonic  jets.  The  classical  picture,  widely  accepted  and  supported  by  a  substantial  body  of  experimental 
and  theoretical  evidence,  is  shown  by  the  left-most  sketch  in  Figure  4. 


{Cf&t  & 

n&m  4  posmAiEO  Komim  or  jst  noise 


l&§2  Pmavra  Stfttcim 

fstotf  Soak  -  'Siksrtm  $ 


In  recent  year*  tfcn*  Have  been  suggestions  that  a  «en»  coherent  flow  structure  ts*y  bs  responsible  for  the 
gerrtrstion  of  the  nets®  lrn.  Two  hypothesized  mettenlsmt  Sr*  shown  to  the  right  of  the  figure.  Tftc  so~ 
celled  orderly  vertex  structure  in  the  center  tfcfteti  dees  Indeed  exist  in  law  Reynolds  m>.  jets,  as  may 
be  seen  by  ask*  vissetizittso  (er  Setttti**  pfio&$r«$y  at  h#jb  Mtcs  «>.)•  At  higher  Reynold*  nos.  such 
s  struC'&T*  probably  persists,  but  gats  burlap  tp  e.  broad-band  turbulence  of  much  fleer  scale,  just  as  !» 
the  ette  far  a  iCarwan  vertex  street  in  a  turbuteot  sake. 


Thie  iapertest  $Mwtlca  in  tht*  other's  mind  is  «ot  whether  saeft  *  structure  develop*,  but  Indeed  doe* 
the  tincture  serve  a*  a  oigstfttas?.  ewAH&iicr  to  the  bread  bawd  redleted  noise?  EsjpeHmwts  to  b« 
dttwttsd  her*,  bated  on  tte  causally  eppfoith,  de  wi  support  suets  a  hygotteals,  et  tatt  for  Vow  speed 
{eufcscate)  turbulent  jets.  For  e**apie  espatfea  (i$\  that  th»  rsafear  of  separately  coherent - 

tuawcfelsted)  elements!  source  wlaars  1  a  a  twri&test  sfsould  bo  given  roughly  free  a  typical  seiue 
of  the  awransed  cessality  comtletfaa  v»„: 


(Pvteci  dfevsts  res  v*lu»)  few  *11  flwctiietfet  quantities  mi if  *i3  Feasible 
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sources  In  the  Jet  ere  to  b*  ewounted  for  In  N.  Using  the  above  technique  with  MasureMents  of'  u*  p,  Lee 
and  Rlbner*  obtained  estimates  suggesting  an  H  of  order  2500  for  a  laboratory  jet  operating  at  Wsch  tio.“0.3- 

Cur  Independent  experiments,  utilizing  pfr'«s  the  source  fluctuation  variable  yield  an  N  ears  then  an 
order  of  magnitude  sasller  (about  100  to  160),  for  a  Jet  of  the  seas  Ksch  fte.94**  The  experimental  set-up 
wes  Illustrated  In  Figure  1  which  also  gives  the  measured  source  strength  distribution,  for  radiation  at 
♦5  dtgrees  to  the  jet  axis.  The  strongest  sources  appear  to  be  concentrated  In  the  rations  of  most  energetic 
turbulence,  as  the  classical  models  have  always  predicted.  There  Isjjo  apparent  radiation  from  tba  core 
of  the  jst,  Unhappily  however,  on  integrating  our  distribution  of  dp*/df  over  the  entire  jet,  following 
equation  6,  the  resulting  value  of  p%,»  was  found  to  be  almost  ten  41ms  larger  than  that  obtained  fj$2 
the  direst  aeasurad  sound  level  at  tS’oegrees.  This  leads  to  the  conclusion  that  the  correlations  p^p. 
as  determined  with  the  foil-type  probe  are  still  too  large,  probably  due  to  radiation  resulting  fn»  an 
acoustic  drag-dipole  acting  on  the  stea  of  the  probe. 

On  the  assumption  that  the  drag  force  fluctuation  can  be  approximated  by  the  quasi -steady  relationship 
0{t)  «  pUuCjjdjfjoi^,  ajs-i  assuming  equals  the  correlation  length  Lc  for  the  turbulence,  It  Is  possible 
to  estimate  a  contamination  ratio  (PCS)  equal  to  about  8,  for  the  dreg  dipole.  This  explains  the  cw- 
closure  of  our  integral  chert;  (discussed  above),  and  suggests  values  of  CL,*  mora  like  one  eighth  of  the 
value  0,00  reported  by  Rackl  In  references  9  and  13.  Thus  the  Lee-RIbnsr  estiMte  of  H  -  2500  Is  probably 
close  to  the  truth,  for  a  low  speed  jet,  In  view  of  the  much  smaller  size  of  the  hot  wire  sensor  which 
was  employed  by  them. 

By  contrast,  In  a  recent  paper  by  Setarton  «rv*  White**  a  value  N  *>  3  Is  reported  for  a  near-sonic  jet. 
The  corresponding  large  value  of  correlation  coefficient  (Cmx  *  0*55)  can  probably  be  ascribed  to  e 
combination  of  two  factors: 

1.  Tte  experiment  employed  a  1/8  Inch  diameter  probe  in  a  S/8  ineh  diameter  jat.  Assuming  an 
effective  dipcle  tarea  %  «  2d*,  equation  (21)  leads  to  the  prediction  that  PCR  •»  7  for  tha 
Schar  ton-Whl  tease . 

£.  The  reported  value  of  Cgj*  was  obtained  by  octave-bend  fli  taring  at  the  jat  Strouhal  frequency. 

Thus  tne  estimate  of  H  excludes  all  possible  sources  whose  cnaracterisilc  frequencies  lie 
outside  the  band. 

It  Is  apparent  that  the  probe  radiation  isust  be  weaker  than  the  Inherent  self-radiation  from  an  adjacent 
correlation  volume  Vc.  Since  the  evidence  seeas  to  suggest  a  highly  uncorrelated  structure  for  the  basic 
noise  generators  In  subsonic  jafcs,  it  Is  Insufficient  to  disregard  probe  1nt*s*ferensa  noise  merely  on  the 
basis  of  little  observed  change  In  overall Tar  ffei cH eval ,  whan  the  probe  Is  Inserted.  This  is  contrary 
to  a  suggestion  made  by  Sdartcn  end  White**. 

4.2  Consents  on  coherent  structure  controversy 

In  a  recent  paper  concerning  “The  Wave  Mechanics  of  foundary -layer  Tuitulensa  and  Solse",  K.T.  Uadohl 
describes  the  ccuejhng  is  tween  an  "actlwt*mede  of  small  scale  motion  and  e  large  seals  “passive*  node  of 
instability:*'*  "Th»  small  sale  nation  origlnetes  during  the  Intermittent  ‘bursting*  in  the  well  layer 
ieodlRg  to  the  excitation  of  Isrga-cexlt,  lightly  aaspsd  travelling  shear  waves.  It  Is  ar^*?d  that  the 
pgssfva  wavt*»1ite}  gives  the  mjor  contribution  to  pscudasound,  i^eraas  tba  active  bursting  made 
mvm  os  the  preicaiflant  source  for  tha  radiative  noise*. 

Ttera  Is  an  laportant  parallel  betvaen  landafcl's  finding  and  the  currant  controversy  about  the  role 
of  -leraa  scale  structure  in  jet  noise,  it  is  mil  end  good  to  fnvmiwia  contract  surtax  structure  free 
a  purely  fluid  ^rasalcs.!  point  of  view.  However  tha  loudspeaker  estaplo  of  Section  2.6  h»s  shown  that 
certain  quest -p*;  tsdis  tSm®m  *ty  pats*  *  degree  of  epttiel  coumtw-coherande  such  that  they  will  be 
vary  sew  acowtle  radiatara,  sraa  though  thair  laftqrant  psesto-ftoctratiow  levels  are  quit*  Targe-  ?rca 
tbs  gexMtcoattlciaft**  point  s?  view  the  felly  way  of  dofiaitiraly  eitoh'Hfhlnj  tha  rale  ef  tsr§®  scale 
structure. is  to  iwmirau  Us  dirace  ralatlossblp  to  the  far  field  radiated  sound.  It  1*  isaufficient 
to  draw  implicatfew  on  ti»  basis  ef  efesatl.fgig  cms-^wretatlows  betessn  ho  putsta  fe  tiiijifTIcM.  «s 
sa*  have  &$s,  • 

for  «xa^?le,  Sef«yton  s?4  i&it*  ssporid  Mch  aensalixad  sofevranee  between  a  point  in  the  potential 
cera  of  their  jst  asd  a  within  tbs  shier  feydt**.  This  a*w»  «ot  span  that  source  extends  into 

the  are  of  the  jet.  To  the  aetwy*  the  ssreh  masker  gm&tf*  flretuettoa  Israls  tefciad  is  tha  iryet&tlonel 
core  «era1|  the  cmxti’jt  field  of  the  alismt  feme*  they  mill  Mturally  &j 

well  cerrewted,  wbia  metes! trad  by  the  iedtviduel  tea  mim. 

Fwefcs  hn  rafted  •  sfailsr  wtara  %e  sfsreSfc&ss*  (like  ft  s*s  &  is  figure's)  teem  bees 

displaced  progressively  around  *  war-field  f&t  otem&ls  al^  the  jet  axis  M.  ft 

largi  ftftstsalisid  eoi*ratsttoe  is  ss»ti  i»t  %y 

dfeiatitot  rapidly  to  a  value  «f  ebent  f.l  far  W  s^ffetiaii.  this  easimtte 

of  the  mew-field  p«N»»jre  m&®  feeteg  *t  «HhW  ft  eyfy  bftly  toh  percent  cewld 

b#  mseletvd«t«)  a  <s*amt  ftratmrdw  tfirust  Sm  ft.  It  fw  this  mate*  fteffa 

to  tMw  up  1ft  th*  tig-fUU  spetSt  It  Dbuld  be  «f  Util* to  the  tefisl  radfstftft.  Fuchs  flfcd# 
furiber  tftet  isie'vti^K  cort^tstfa  {f«*  {gjj  4e$f«d  be  iftcrrawd  to  *^wt  $,f  by.  ssfw> 

tond  'filtoH^at-  *  e&raeterittic  frmqsmy,  uemm  saa^'«^latfP3  is  eal  inject  to  ass* 
ffitwlbfi  It  respemds  to  tfcs  estira  spectral  osstost  c#  it*  epatisl  distnioitem 

tbrai^xit  the  jet. 

Other*  tors  tr$»d  that  if  ta  ran  smahhra  we  ei^>t  siseltMt-tosly 

sv^-rat*  the  HBstlrfstl**  trtie  gsera tff&g  tuffealajsca,  M  WK.s&mt  m&Gt'ltili-  «ttai  twe  *  him 
cpttsism,  is  it  war  to  six  too  •(#  dtffisramt raaiceity^  «  fei^ 

!tk>^Olds  Rtakfcar,  wttoOut  gmdiiretlmg  UrtotiKicST 


pi^.ti 


FIGURE  S  CONFIGURATION  FOR  TRIPLE  CAUSALITY  CORRELATION 

Te  (dip  ratals*  Wilt  controversy  a  n ten  experiment  Is  propose.  As  depicted  In  Figure  5,  two  preset 
(hot-wire  or  pressure)  ere  petitioned  In  tho  sneer  layer  at  r/D  *  H  end  at  sywastricat  points  with  respect 
to  e  far  field  mlcrajAca*.  Tie  following  causality  correlation  Is  f creed: 

C(t)  -  (24) 

py* 

¥Sm  toe  taajsatlal  wperatlon  of  A  and  D  Is  ssall,  C(t)  will  attain  the  same  value  ef  as  If  only 
o m  sowte  prc&t  were  used.  The  drewferartltl  separation  W  Is  then  Increase  sytmatrlcsIT??*  If  the 
value  of  %£)(  rasslres  constant,  for  &#  as  large  as  165  degrees,  then  we  have  significant  radiation  fro*  a 
flrtt  order  min  of  coherent  structure.  If  C»  decreares  substantially  with  &,  such  a  acute  Is  probably 
Insignificant  to  toe  reflation.  Tills  experiiwSt  should  be  repeated  for  a  wide  range  of  hath  numbers,  since 
1ft  way  well  occur  that  clrctsferentlel  coherent  structure  becomes  Increasingly  Important  as  transonic 
conditions  are  approached. 


$.  RADIATION  FRON  RIGID  SURFACES 

Contrary  to  toe  observed  non-closure  of  Integration  for  volume  distributed  dilatation  sources, 
(occurring  for  reasons  described  In  the  previous  section),  surface  source  distributions  have  been  Inte¬ 
grated  In  several  eircunstances  to  yield  the  correct  values  of  P^tf  These  experiments  utilize  correla¬ 
tions  between  surface  pressure  pj  and  the  corresponding  sound,  In  accordance  with  equations  7  and  9. 

Closure  was  reported  for  various  types  of  flow  interaction  with  •  small  disc-shaped  airfoil  Inserted 
into  a  jet  flow2'1,  such  as  the  case  depicted  in  Figure  t.  Incident  turbulence  was  found  to  cause  strong 
leading  edge  radiation,  while  in  smooth  flow  at  low  angle  of  attack,  vortex  shedding  leads  to  a  source 
concentration  along  toe  trailing  edge.  Similar  experiments  by  oto3rs,*’‘,  have  helped  to  provide  Insight 
Into  the  asdsanlsss  of  noiia  generation  at  trailing  edges  and  notzle  lips.  The  emerging  picture  seeas  to 
suggest  that  alternate  vortex  shedding,  with  a  fairly  narrow  band  of  preferred  fraquuncles,  leads  to  a 
tiss-depeneent  relaxation  of  the  Kutta  condition  at  the  trailing  edge.  The  “stagnation  streamline*  switches 
cyclically  frasa  uppjer  to  lowar  surface  Inducing  a  fluctuating  dipole  concentration  near  toe  edge,  as 
depicted  in  Figure  6: 


fra- 


thm  mit  in  to*  dawRStww*  ifradtlOB,  .to  the  fSmrf  sHracfclcsi  ora  partetr  in  tog  dipcie  “c*3>ls*  is 
e*l*uted  fr-s*  to*  ra«*fti¥*  ffeltj  hm*  «i  iswtnww  null  is  sot  observed,  mis  diffraction  ptmmnto 
fw,Y  Nsn  wserfbad  by  Haysi*  a^  a&t&s1'.  Sy  resitting  toe  disccntlmsous  f apedtoo*  iff oread  ay  tfci 
rffid  trait  lug  *4$e  wito  a  ceapliaat  eiamsat  of  ware  srat&ally  decreasing  t»s>e<te*o,  to*  strength 
of  toto  toa  tore*  field  am  of  to*  aalae  it  reduced  tuoaiafttitlly. 

In  «i5#rtfeisat  tes  tv»ve  sstodled  the  surface  dipole  distribution  os  e  t*r$*  rigid  surface 

piacsd  to  a  ftsrfewtenft  Th*  reflected  sound  toe  radiation  ftoa  an  imtentae- 

eectiy  liSssfssl  &s$$  life  SeAlhi  toe  swrffc**  as  &*!st*d  in  figs**  7,  -%•  traet-ramrUtieq  the  surface 
p raa$ura#  p*  sift  to*  fa?  fteSd  at  varfws  of  arrant  surface  source  strength 

Si"?  tetelrad.  feteeratfnp  toes*  dfilrfbuttoes  crops'  tes  itsrfae*  Ssskl  wax  sis'*  to  sce*$>t  tor  toe 
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periodic  correlation  functions  with  dominant  spectre!  content  et  the  blade  nassege  fr^itoncy.  as  depicted 
on  figure  8.  The  periodic  component  was  unexpected  In  view  of  the  tteoretUil  null  /or  rotational  noise 
on  the  axis  of  rotation.  Examination  of  the  data  suggests  a  harmonic  coupling  between  a  ofte-pe^revoi'itlo 
blads  pressure  periodicity  and  a  seven-tlse-per  revolution  (discrete  tone  In  the  far  field  sao*d.  Tbs' 
causality  technics  localises  the  phenomenon  to  the  outer  portion  of  the  rotor  disc  as  IllusLreted  by  the 
spaa-wise  source  strength  distribution  giver.  In  Figure  8.  Our  Interpretation  of  the  underlying  e*ehanisos 
Is  to  be  found  In  8af.  27. 
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6.  APPLICATION  TO  SUPPRESSOR  STUDIES 


Tfws  causality  methods  have  Important  advantages  In  the  study  of  noise  reduction  features  for  multi  - 
element  suppressor  nuzzles.  For  example  edge  radiation  from  nozzle  lips  arises  froa  Instabilities  In  the 
developing  shear  layers,  ia  similar  manner  to  the  trailing  edge  mechanism  depicted  In  Figure  6.  This 
edge  radiation  may  contribute  to  a  lower  limit  on  the  noise  reduction  obtainable  from  given  nozzle  con¬ 
figurations.  In  particular,  as  the  basic  jet  Is  broken  down  Into  smaller  and  smaller  nozzle  elements 
the  effective  length  of  trailing  edge  surfaces  increases  proportionately;  It  is  conceivable  that  the  edge 
radiation  may  rise  to  the  same  magnitude  as  the  suppressed  jet  noise.  The  acoustic  fractions  associated 
with  this  "lip*  noise  can  be  assessed  fey  measuring  the  appropriate  surface  dipole  distributions,  using 
simple  multiple-nozzle  rigs  as  depicted  in  Figure  9. 


To  Far  Field  Microphone 


FIGURE  9  BASIC  SUPPRESSOR  ELEMENT  EXPERIMENTS  USJKS  PAIRED  NOZZLES 

If  the  orobe  contamination  difficulties  described  la  Section  4  can  be  minimised  it  will  else  be  possible 
to  investigate  the  volume-distributed  source  strength  in  muUi-et-aeent  nozzles.  Thus  typical  profiles  for 
paired-jet  configurations  might  be  measured,  *s  sketched  In  Figure  S.  Curve  A  detects  a  possible  result 
for  two  closely  spaced  round  newsies  where  shear  reduction  by  entratrasst  plays  «  acssinant  role.  On  the 
Ctlsr  hand  Curve  S  illustrate*  «  possible  sates**  fw  tsrc  psrsllel  slot  nasties  of  high  aspect  ratio,  . 
where  shielding  fev  refractive  chaan^ling  is  mare  significant,  by  asssurir.g  such  profiles  for  several 
StrtWeilSB  station?  the  relative  lapdrtince  of  these  tw?  contributing  effects  might  fee  assessed  for  the 
entire  disturbed  flew,  including  tSo  region  of  jet  interference.  Csin§  ec-rraspasHdlng  profiles  for  a  single 
isolated  j st  a*  use-line,  romltafeive  infoysetian  <»  local  si-urt*  suppression  will  be  obtained.  As  en 
aoditieaal  f«* turn,  exealnstioa  of  ite  ties  detain  records  *rti»  yield  iafctoatlue  m  path  length  dlet&rttoaa 
due  to  refractive  effects  and  s«y  awafele  the  separation  of  sound  which  refracts  around  t>.«  near  side 
(shielding)  jet  free  that  M*ieh  transmits  directly  through. 


7.  toWSHC  RtiS  tWCUB  *£A$  FIELD  FLAhtS 

Is  Utt.fetarttttM  of  the  equality  tbtfnp,  th*  eestral  surface  S  my  fee  selected  to  coiners*  with 
solid  iurf*£*5:  wltsirt  thi  $cww.  regie*  or,. fey  a*  aatanaldA  of  principle,  it  may  be 

lst<*  **  *n  itu^i*s?y  which  va«pt*t«ly  aactwH  for  cut*  through),  the  source-  rggien.  In 

this  Hits?  e^sa.tSe  surfatalstet#  as  am.  wsiseTaat  uemlsaa  aspfcramt  wfeiefi  viferttesfwilfc  the 

seat  «et(R|  as.-fu  fissfi  at  «anhB.&smdis«  roints.'  St®^  rev<  J  flow*  Utreusjh  Gw?  .iwgiaad  surface  are 
disregarded  IS  this  Sum*  typical  field  cutting  pirns  *fe  f«de»d  es  3.tt4  S‘  is  figure  9. 

A  stewey  of  acteierUiaea  %  a»4  pressures  %  e*®?-  tfc*  control  surface  win  enable  esttett*  t»  fea 
made  of  the  a^aatle  '*m  p*r  ian  area.  This  is  a«*i«*ed  by  «L?rolstift§  approbate  awfece.vSHatitts 
with a*  ««&$(?«  waster*  saufcsrsd  ft  tfee  fa?  flald.t»f  tha  surface,  feilewihg  esuetfom  {#).'  By  tatthg  the 
antral  teiftolwWft  but.  rotting  lass  »e  disturbed  flaw,  w&roatiii*  o*  spatial  *eum  oHfcnmitioa 
win  be  citefsed  without  actually  {Hfedlmg  the  f?<».  'The  jet*  feet*  eaparftiat  ef  S^-tiw  s  roprisssests  cat 
fc£e**tf«1'  oippTicatfbif  ef  such  4  tn&mhim*.  (aftt'i  -rigid  ftrttet),  1h#  spsrosc?-  is  especially  aUmtiva 
f^r  isveitifsildes  ef  warowic  its  nfeise,  where  iw-flad  prokfag  becomes  a  '«emtda&U,  if  not  ikpefeifet*  • 
task,  In  the  row  of  roUiptu  etsawrt  &$&&*&?  matelea*  strisces  *«h  as  S  add  5*  in  Figure  ?  tan  fee 
MTtsiifg  t&  yield  fafotmariu  w  tfc*  wiferori  or  acrostic  flu  item  bet*  the  shfeldfag  and  shielded  jets, 
wit*  respect  to  the  fee  fieri  direction. 

th?  ftwtprirt  of  «suti€  fsdiation  ^om  a  rstlimg.r^naafetle  tirs  feus  stwiiartly  bee*  evaluated  fey 
•  ptase,  iesjiiwsry  romSiel  suriHc*  «uttida  o?  t^s  %fr*  li^i  veil.*  this  esperimaafe  cleatly  local- 
ifeu  tile  daefmiit  aroroa  widsroiui  td  the  immediate- riafetl?  ef  vro  *coafact  petals*  fcetaaw  tire  wd  rust.. 
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8.  CONCLUDING  COWENT 

Although  the  diagnostic  techniques  described  herein  are  far  frtw  being  perfected,  this  author  be¬ 
lieves  that  the  causality  method  will  prove  to  be  of  iaustt*  vatu*  In  future  studies  of  noise  generation 
phenomena.  The  biggest  weakness  sseas  to  He  In  the  ares  of  In-flow  probing  for  the  source  fluctuation 
quantities.  Much  current  activity  centers  around  the  dmlojwant  of  non-lntruslve  (optical)  probing 
devices;  while  these  *ay  ultimately  prove  to  be  a  wre  successful  substitute,  we  would  be  unwise  to  over¬ 
look  entirely  the  possibilities  for  ig^roveaent  to  our  established  base  of  Mechanical  probing  technology. 
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DISCUSSION 


Of  Fuchs:  The  technique  proposed  by  the  author  as  a  means  for  correlating  the  cause  and  effect  of  aerodynamic 
sound  emission  is  welcomed  as  a  promising  extension  to  technique*  confined  to  the  eatss  or  the  effect  alternatively. 
The  Interpretation  of  these  correlation  results  naturally  depends  on  the  model  the  investigator  has  of  the  turbulence 
which  causes  the  effect.  For  the  very  special  case  of  an  array  of  discrete,  well  separated  and  completely  un correlated 
sources  of  equal  strength  Prof.Siddon  is  right  when  using  his  Equations  (17)  to  (19)  to  calculate  a  number  of  2500 
sources  from  the  2 %  maximum  correlation  coefficient  obtained  in  his  experiments7. 

The  point  i  want  to  nuke  is  that  the  extremely  low  correlation  (and  the  correspondingly  high  number  of 
independent  sources)  does  not  necessarily  coo  firm  the  validity  of  the  eddy  model  itself.  Another  posable  explana¬ 
tion  could  be  that  only  a  very  small  portion  of  the  quantity  used  on  the  cause-ride  may  be  effective  in  generating 
sound.  This  immediately  brings  us  bach  to  the  question:  what  are  the  dominant  source  mechanisms,  which  me 
preferred  for  study,  in  a  turbulent  jet?  I  doubt,  that  in  the  “coherent  structure  controversy”  one  gains  very  much 
from  causality  correlations  unless  one  assumes  to  be  known,  a  priori,  what  one  is  really  looking  for:  the  correct 
model  of  the  turbulence  generating  sound. 

My  last  comment  concerns  that  part  of  Prof.  Siddon’s  paper  (pp.7-8)  in  which  he  seems  to  have  raianterpreted 
my  correlation  results  in  Reference  20  (Figure  9  on  p.87).  The  curves  clearly  indicate  an  ax  [symmetric  content  in 
the  unfiltered  and  filtered  pressure  fluctuations  of  more  than  40  and  60  per  cent,  respectively,  and  not  of  10  and 
40  per  cent  ss  suggested  by  Prof.Siddon.  How  to  correctly  Fourier  analyse  turbulence  into  azimuthal  components 
will  be  shown  in  a  later  contribution  to  these  Proceedings. 


Prof.Siddon:  In  his  second  paragraph  Dr  Fuchs  suggests  that  a  small  value  for  the  source/far-fi eld  correlation 
coefficient  could  reflect  the  fact  that  only  a  very  small  portion  of  the  quantity  on  the  cause  side  may  be  effective 
in  generating  sound.  Indeed  tills  is  exactly  the  virtue  of  ths  causality  approach;  the  method  singles  out  only  that 
put  of  the  source  fluctuation  responsible  for  some  net  contribution  to  the  fax-field  sound. 

Nevertheless,  it  could  be  that  Dr  Fuchs  has  a  valid  point  here.  If  the  turbulence  fluctuation  is  dominated  by  a 
contribution  from  a  relatively  frozen  spatial  pattern  sweeping  past  the  probe,  such  that  only  a  weak  residual  fraction 
is  coherent  with  the  fax-field  sound,  then  the  nortmUxtd  causality  correlation  will  appear  unnaturally  smell.  In 
other  words  the  true  source  fluctuation  has  seme  over-riding  uncorrelated  convective  signs!  mixed  is  with  it.  This 
could  lead  to  ss  exaggerated  estimate  of  the  number  of  independent  eddy  sources.  This  notion  is  supported  by  our 
theoretical  finding  that  the  magnitude  of  the  causality  functions  varies  inversely  with  the  “lifetime"  of  the  converting, 
decaying  turbulence  pattern  (eg.,  see  Appendix  A  of  Reference  2  or  Appendix  C  of  Reference  13,  Paper  No.7). 
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Summary 


We  report  cross-correlations  of  the  jet  static  pressure  fluctuations  (as  measured 
with  a  B  s  K  microphone  fitted  with  a  nose  cone) ,  with  the  far-field  radiated 

sound  pressure.  Those  measurement*  are  made  for  various  probe  positions  and  a  large 
number  of  far-field  positions  (at  various  angles).  In  addition,  the  testa  are  -un  for  a 
number  of  different  jet  exit  velocities.  The  measured,  normalised  crass- correct  ion 
functions  very  between  0.004  and  0.155.  These  values  depend  upon  the  angular  position 
of  the  far-field  microphone,  the  jet  exit  Mach  number,  and  the  position  of  the  probe. 

In  addition,  the  cross-correlation  technique  is  employed  to  study  the  symmetry  of  the 
far-field  radiated  sound  about  the  jet  axis.  Third-oatave  analyses  of  both  the  probe 
signal  and  the  far-field  radiated  sound  ace  made.  This  is  the  first  time  correlation 
measurements  have  been  made  on  a  jet  engine.  In  addition,  we  report  on  an  extensive 
noise  survey,  as  described  above,  of  a  model  jet.  The  correlations  are  related  to  sound 
source  functions  and  jet  source  regions  are  discussed. 
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sound  field  position 
po  vi*j 

jet  velocity  fluctuation 
ambient  density 

change  in  fluid  density 
ambient  speed  of  sound 
jet  diameter 
source  positions 

dyidy2dy3 

l*-yl 

wavelength  of  peak- 
frequency  radiated  sound 
static  pressure  fluctuation 
in  the  jet  source  region, 
approximately  equal  to  jet 
pressure  fluctuations  for 
incompressible  flow 
pressure  changes  due  to 
compressibility  effectsj 
repreaentc  sound  field 
pressure  change*  external 
to  thfe  jet- 
jet  source  region 
time  sdvacPO  in  cross- 
correiatisn 

erase  correlation  of  static 
pressure  within  tin?  jet 
source  region, 
far  field  pressure  crcaa 
correlation  (normalised? 
static  pre “ause/s  ax- ?i  » Id 
pressure  croaa-oortel&tioa 
(normeUaed) 


Q(x,^,r/a^ 
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r* 


v* 

P* 
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fraction  of  sound  ir density 
at  originating  at  £  (per 
unit  volume) 

cross- spectrum  of  the  cross- 
correlat ron  c . . 
fraction  of  frequency  in 
the  sound  intensity  at  x, 
originating  at  ^  (permit 
volume) 

peak  (angular)  frequency  of 
radiated  sound, 
angular  trequancy  of  the 
radiated  sound 
angia  made  by  x  w'th  the 
downstream  direction 
diutance  of  a  radiating  eddy 
from  the  static  pressure 
probe 

displacement  of  static 
pressure  probe  from  the 
origin 

vector  distance  from  pres¬ 
sure  probe  to  x 
jet  eddy  convection  speed, 
a  fraction  of  mean  speed, 
rs*  value  of  the  velocity 
fluctuation 

average  static  pressure 
in  jet 

pressure  probe  downatrea* 
distance 

pressure  prebe  transverse 
distance 

volume  element*  for  0-  function 
integration 


Ail  vectors  heva  (Cartesian)  ccxapoaante 
gives  by.  e.g«{y  -  (Yj.Tj.y^ 


1.  INTBOOUCTSCS 

St  ie  becoming  iaer*«?i&g.ly  evident  that  coeaereial  jet  engine  aoiee  radiation  must 
U  groatly  reduced  if  adsquste  air  opexihies*  are  to  he  acceptable  to  the  general  public, 
if  jet  wteia*  ao-iss  production  is  ts  be  seduced,  it  is  daaisabl*  that  the  noire  gener¬ 
ating  regies*  of  «  jefc  bh  identified,  this  wort  is  toward  that  ere)  using  croes- 

eorrelettoh  tecHaiquse,  partly  based  oh  a  pressure  source  model  C*o*Kti»ee  called  simple 
sixicoe  or  fluid  dilution), 

Hibee  LigMhili**  theorem  'cal  work  o«  sound  g*s«r*t*i  aaxodyctaaitaUy ,  a 
laxg*  *h«afc  ol  work  oh  ths&ry  *6d  experiment  hss  &tee  conduct  *4.  T?w  sound 

field  intensity  its  highthill'u  theory  i*  baaed  <i  a  foarth- order,  apace- t velocity 
ctoee-ooETrelatioe  within  the-  mixing  and'  tramaVtioo  region*  of  the  jet.  This  *ourc« 


haB  ^aen  successful  in  many  respects;  however,  its  complexity  also  offers 
difficulties.  Thus  far,  work  directed  toward  identifying  source  regions  has  been 

j9fu  c°ucentrated  on  the  use  of  hot  wire  anemometers ,  measuring  velocity  fluctuations; 
and  that  of  necessity  restricted  mostly  to  cold. jets.  There  has  also  bean  work  employ¬ 
ing  directive  receivers  for  higher  frequencies .  The  uea  of  the  hot  wire  anemometer 
has  been  very  useful  in  providing  data  relating  to  the  interior  structure  of  a  1st 
However,  only  a  few  measurements  are  available  for  the  cross-correlation  of  fluid 
velocities  with  the  sound  field15'. 

Meecham  and  Ford  ^ proposed  a  (in  some  ways)  simpler  source  modal  for  aerodynamic 
noise  produced  by  a  free  jet;  the  proposal  is,  equivalent  to  Ligh thill’s  theory.  This 
source  theory  was  later  expanded  by  Ribner^  and  was  recently  given  a  more  rigorous 
mathematical  foundation  by  Meecham* > »’) ,  The.. theory  proposes  a  pressure  fluctuation 
source  model  for  a  free  jet.  A  relationship  ib  shown  between  the  static  pressure  fluc¬ 
tuations  within  the  mixing  and  transition  regions  of  the  jet  and  the  far  field  radiated 
sound  pressure.  Recently  a  number  of  experimental  investigators began  to  make 
pressure-fluctuation  measurements  la,  a  free  jet.  In  1971  three  papers <15- IS)  W6re  pre_ 
sented  on  preliminary  experimental  investigations  of  the  pressure  source  model.  Siddon 
ano  RacKl  found  a  normalised  crosa-corrslafcion  b^tr&fe^n  the  hydrcdynaanlc  pressure  flue*- 
tuations  and  the  far  field  radiated  sound  of  approximately  0.02  whan  the  pressure  probe 
wee  positioned  one  diameter  off  the  jet  axis  and  five  ehUasraters  from  the  jet  nozzle  with 
a  microphone  positioned  at. 90°  from  the  jet  axis.  In  a  recent  pacer  Scharton 

and  White uv;  report  a  normalised  erosa-eqrralatSdn  of  0.5  for  a  sonic  jet  with  the 
static  pressure  fluctuation  probe  positioned  6,4  diameters  from  the  jet  nozzle  on  the  jet 
axis,  and  the  far  field  microphone  positioned  at  30®  from  the  jet  axis.  This  cross- 
correlation  was  made  with  the  signal  filtered  in  the  *700  Hz  octave  band.  The  wide 
discrepancy  between  these  two  reported  correlation  studio  may  be  due  to  the  fact  that 
these  two  tests  were  run  under  quite  differ&nt  conditions,  one  jet  b$ing  sc-nic  and 
limited  to  an  octave  frequency  band  while  the  other  is  believed,  to  have  boon  carried  out 
at  subsonic  velocities  and  a  broader  frequency  range.  In  addition,  in  ths  test  conducted 
oy  Scnarton  and  White  tha  static-pressure- fluctuation  probe  was  positioned  on  the  jet 
axis  while  Siddon  and  Raokl  measured  the  static  pressure  one  diameter  off  the  iet  axis 
(and  across  the  jet  from  the  far  field  microphone) . 

Pu-*'P°3a  cross-correlating  the  static  pres  sura  fluctuations  with  the  far 
field  radiated  Round  ia  to  identify  the  noise  gen,  rating  regions  (within  the  mixing  and 
transition  regions  of  the  jat)  which  are  predominantly  responsible  for  the  radiation  of 
sound  in  the  far  field,  at  various  angular  positions. 

In  the  past  all  experiments  utilizing  cross-correlation  techniques  have  been  con¬ 
ducted  on  free,  cool  jets.  The  present  paper  spazarizas  results  from  two  different 
experiments;  In  the  first  we  review  raaults  *1 '  >  >  of  cross-correlation  experiments 
performed  on  an  actual  ,hot)  jet  engine,  the  General  Electric  T-58  aas  ganar&tor  modified 
to  a  turbojet  configuration.  These  ara  believed  to  be  the  first  such  exaeriiaants  eer- 
foweed  °n  a  jet  engine;  in  the  second  part,  vs  present  the  results  of  an’ extensive' survey 
of  cold,  mousi-jet  source  regions  using  cross-correlation  techniques. 

2.  THEORY 

high thill  *"  has  given  the  standard  theory  for  the  production  of  free-jec  noise. 

For  typical  subsonic  flows  the  result  is  given  approximately,  for  moderate  Mach  number 

*J  )<£  jjj  \  a) 


W«  aasueo  throughout  that  x-  »  D;  Since  the  source-  volume  is  contained  within  a  few  jet 
diameters  froa  the  jat  uxit,  the  far  field  point  is  far  from  the  source  voluau.  it  is 
also  supposed  that  x  »  A, . 

Tho  integral  in  equation  (1)  need  be  carried  only  over  the  turbulent  volume  of  tha 
jat.  Order  of  ausqnitudj  asd*  on  the  hast*  of  aquation  (1)  lead  to  a  total 

sound  intensity  proportional  to  the  eighth  power  of  the  mean  flow  velocity  at  the  jot 
exits  Mghthill's  eighth  power  law. 

T^a  alternate  nqthod  for  looking  at  this  problem  as  proposed  -by  Kaashaa  and  Ford ' ** 1 
BASnmr**),  end  Keecfwn**' >  <s>  utilises  a  wimrle-soure*  (fluid  dilation)  saedal.  The  result 
can  be  seen  moat  simply  a*  follows.  For  appr ^xiaavuly  inccsswreesibie  flow  (even  in  tran¬ 
sonic  flow  compressible  effects  are  often  aligrt)  take  the  divergence  of  the  Novies- 
Stokas  aquation  tc  find  * 

°o  5d715^  vi  vj  “  ~  ?  po  Ual 


Substitute  this  in  (1(  to  obtain,  after  integration  by  parts  in  the  usual  say, 

»(x.t)  -  (Sta^a)'1  -~y  j j <j Pe(v,t  -  ov.  (2) 

Hare  again  the  integral  i#  carried  out  ovor  tbs  turbulent  regions  of  she  jet.  A  no re 
rigorous  derivation  can  be  found  in  tfco  ref aiaacat .  The  theory  biases  isvelid  when  it 
i*  no  longer  true  that  p,  >>  p,  i.a,  outside  the  jet  rsgioo,  Thus  the  integral  sstemi* 
only  over  V. 

Th«  results  gives  in  both  (1)  a\  yield  the  expected  sc-vb-c  field  density 
change*  which  vccid  occur  if  thuya  were  ho  s**c.  flat  ip  the  jat  generating  the 
sound.  Furthermore ,  the  ref  section  effects  of  ?«6p*rctur@  change*  (if  say)  within  the 
jet  arv  not  contained  in  those  expressions.  Thee#  effects  are  typically  treated  as 
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separate  problems.  For  example,  when  working  with  a  jet  engine  there  exist  refraction 
effects  due  both  to  shear  flow  characteristics  and  to  the  temperature  gradient  of  the 
gas  in  the  engine  exhaust  core,  since  for  the  frequencies  of  interest,  sound  is  an 
adiabatic  process  we  have  2 

P  -  &o0 

0  (3) 

where  p  is  the  pressure  change  from  ita^averag®  (ambient)  value;  we  obtain  the  far  field 
pressure  change  by  multiplying  (2)  by  a*. 

Ke  can  write  the  autocorrelation°of  the  far  field  pressure  (3)  using  (2).  Assuming 
that  the  process  is  statistically  stationary  we  have 


<p(s.t)p(i<,t  +  t)>  * 


16» 


C  vffMff*  17  F<**i'*1 


(4) 


where 


(5) 


If  an  order  of  magnitude  estimate  is  mcde  for  the  sound  power  radiated  using  (4) , 
one  obtains  tighthill’a  eighth  power  law.  (The  static  pressure  fluctuation  is  approxi¬ 
mately  proportional  to  the  density  tissas  the  square  of  the  velocity  fluctuation) . 

We  shall  use  correlations  in  a  different  way  in  this  work  in  order  to  associate 
the  noise  generating  regions  of  the  jet  with  the  sound  radiation  pattern.  Start  again 
with  the  far  field  sound  pressure  given  by  (2)  with  (3)j  multiply  both  sides  of  (2)  by 
p(x,t)  (using  (3)).  Use  the  assumed  statistical  stationarity  and  take  the  time  average 
to~find 


c^.Ql.T)  - 


<p(x,c)p(x,t  +  T)> 

<p2(x,t>> 


-  -s  ffj 
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:.<p(i.t)^ir  p.(x.t  +  T  -  t*)> 

dt"  o 


(6) 


dl 


In  the  work  here,  we  report  a  quantity  closely  related  to  the  emss-corrslaticn  under  ths 
integral  sign  in  (6) .  We  measure  the  correlation  of  the  far  field  sound  pressure  with 
the  hydrodynamic  pressure  within  the  jet  source  region.  In  normalised  form  it  can  ha 
written 

<p(a,t)p0(x*t  -  *  T>> 

e-p  Cs.v.O  -  “5“ — 7T72 — FT— 


.W'W  -  “  ♦  T)>* 


(7) 


It  will  be  convenient  in  what  follows  to  introduce  a  function  representing  the  source 
strength  per  unit  volume  within  the  jet  region  modifying  a  suggestion  of  Siddon . 
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This  function  car  he  awat-tuted  in  (6)  to  obtain 


(9) 


i?) 


It  is  noted  that  the  source  strength  o  can  be  r.ogEtiw#  in  c<s&*  regions.  Eg.  (2)  suggests 
that  sound  field  density  (and  pressure)  changes  ere  approximately  in  phase  with  static 
pressure  changes  in  the  jet,  which  produce  them  (due  recount  being  taken  of  the  travel 
time  r/t,> ;  in  certain  oircumstancst*,  nr  espial'*)  be  lev,  this  piHsaiag  can  ix  yaversoi 
giving  negative  correlations.  Our  staaeureetasts  below  show  soar  email  negative  portions. 

If  we  take  the  Fourier  transfer*  of  (9)  we  can  relate  the  enargy  spnetrua,  Ib?, 
to  the  cross  spectfv-a.  2^  of  the  csvc * -corr* lation .  w*  obtain 

*  fjj 

with  v 


* - 1-  > 


4 <!*£.*>  *  •  Ea»<a.X»«> 

4«ae's  ** 


in 


(ID 


in  the  first  »et  of  experiments  reported  her®,  thoee  ievolvitsg  the  jet  engine,  we  haws 
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ao*iiJutt;a  the  cross  correlation  c  _.  The  data  were  not  of  sufficient  quality  to  permit 
the  double  differentiation  shown"ln  ( 6 ) .  Consequently  we  are  forced  to  estimate  the 
effect  of  those  derivatives  and  do  so  by  replacing  the  second  time  derivative  by-u^ 

In  the  second  set  of  experiments  we  differentiated  the  signals  uuing  in  (6)  the  relation 
for  statistically  stationary  processes. 


<  p(X,t)  I-,.  Po(Z,t-T)  >  a  -  <  jgj| &  >Pq,^,t“T>  > 

If  in  (9)  we  set  t  «•  0  ,  the  left  side  is  equal  to  unity.  We  have  for  the  function  Q 
from  (8)  the  approximate  result  (the  change  of  sign  would  be  correct  if  the  sound  had 
but  a  single  frequency)  ,  ^  2^  r  ^1/2 

~±s  <»» 


For  the  second  (model)  set  of  experiments  the  signals  were  differentiated, 
using  (12)  to  find  ^  t  <iP te.t)  3p0  (£.,t-r/aa)  _ 

Q  (x»£»0)  *  +  (4  it  aB  x)~  —  ^t.  jj  > 

<  p*  (x,  t)  > 

Substituting  these  functions  in  (9)  we  should  thus  have  the  relation 


Define  Q 


The  physical  interpretation  of  these  functions  is  evident:  0(x,v,oo)is  the 
fraction  (per  unit  volume)  of  the  mean  square  far  field  sound  pressure  (proportional  to 
intensity)  at  x,  which  originates  in  the  region  $?.  Siailarily  from  (10)  the  function 
a(x#£,w)  is  the  corresponding  fraction  (par  unit  volume)  of  the  far  field  sound  pressure 
in  an  interval  about  ai  which  originates  in  the  region  It  should  be  emphasised  that 
the  basic  theoretical  result  summarized  in  (2)  has  not  taken  rr.to  account  refraction 
effects  (only  important  for  those  frequencies  such  that  the  sound  wave  length  is  less 
than  D) ,  and  moving  source  effects.  These  latter  effects  arise  in  the  idealized  case 
where  the  region  generating  the  sound  may  be  thought  to  be  in  uniform  motion,  because  of 
the  mean  jet  flow  spead  (see  Lighthill  references) .  There  is  sects  question  as  yot  con¬ 
cerning  this  model  of  the  sound  radiation  process.  It  may  be  that  the  region  of  sound 
generation  can  be  batter  described  as  a  pulsating  region  fixed  in  space.  For  exarapis, 
consider  the  turbulent  region  near  the  end  cf  the  potential  cone  which  one,  perhaps, 
would  not  care  to  characterise  as  sources  in  motion.  If  this  latter  situation  should 
turn  out  to  be  a  bettor  physical  model  than  a  moving  source  description,  then  there  is 
no  difficulty  with  moving  sourca  corrections.  The  investigation  of  these  questions, 
using  correlation  functions,  is  left  for  later  work. 

The  jet  g*o**itry  is  shown  in  Fig.  1.  In  this  work  the  pressure  probe,  the  far 
field  microphones,  and  the  jet  axis  were  arranged  to  lie  in  a  coemen  plane. 

It  will  be  helpful  to  present  a  qualitative  discussion  of  the  characteristics  of 
the  cross-c-orrolatioa  maasurocaents  (which  arc  to  be  the  Piain  subject  of  this  paper)  . 
Suppose  that  we  place  e  static  probe  in  the  turbulent  jet)  locate  the  origin  at  the  jet 
exit  a*  shown  in  F:gere  ».  bet  y.  be  the  distance  of  a  sound- radiating  eddy  from  the 

pressure  probe,  choosing  y,  positive  in  the  downstream  direction. 

We  suppose  as  stated  above  that  x  is  very  much  greater  than  the  displacement  £  of 
interest.  7h*  static  pray sure  »«asuteaiht  is  advanced  i:i  time  by  an  amount  i,  compared 
with  the  sound  field  pressure  measurement  taken  st  the  position  s.  First,  sines  tha  sound 
measur^SH^it  is  .made  at  s  great  distance  from,  the  jet,  v«  can  assume  that  the  angle  between 
r’  sod  y^V  As  approximately  equal  to  tha  angle  §.  Therefore  we  have 


Than  fcr  e  m&ximu.u  value  fvt  the  orois-corielsfcicn  measurement  ve  must  have  the  following 
relationship  between  the  quantity  t  and  the  other  quantities  described: 

t  »  *  y./u  U?) 

This  is  obtained  by:  setting  the  time  advance  to  the  sus  of  the  tista  it  takes  the 

sign*.!  to  propagate  frees  the  radiating  position  to  th*  far  field  point  plus  tfce  time  it 
tales  the  source  (eddy)  to  convert  from  the  pressure  sseasurisg  point  (probe)  to  the 
radiating  point.  We  suppose  that  this  latter  tine  is  not  auch  greater  that  the  ooxrela- 
t i on  tins  for  the  turbo lent a  (end  the  sound) ,  otherv-ieu  the  correlation  weld  drop  to 
zero.  Sere  v*  suppose  that  the  radiat iso  eddy  stunt  be  dcvsstresn  (or  upstream)  froa  the 
pressure  proto  position,  s*  shown  in  Fig.  2,  in  order  that  vs?  measure  s  correlation  of 
significant  value.  If  th*  r«ui*titV§  eddy  is  displaced  by  .UDra  than  cr,«  jet  diameter  Aft 
the  transverse  direction  fro*  the  static  pressure  probe  (Maturing  positiem,  the  correla¬ 
tion  will  be  quite  wail.  Sow  if  we  u«*  th#  syproxidsatica  given  is  (16),  (17)  baceseas 

T  -  trVec)  v  3TlfX/\sc  -  (IS) 

since  u  i  a.  even  in  traaacaic  flow,  oce  can  assume  that  for  » latest  all  cases  Ji/u  )- 
-  co*  e;*_  iS  positive.  Consequently,  if  the  advanced  tbx*  is  greater  than  th*  tbs*  of 
propagation  fros  the  pressure  probe  position  to  th*  sound  S is 1 <5 “sTcr cube -t * ,  the 

position,  of  the  restating  eddy  ac<. cuffing  for  the  corrolatioR  for  that  tie?*  advance  is 
devrxtresa  fro*  the  prtsausu  probe:  / , > 0 .  Coaversely,  if  the  edvaaca  tijee  Is  less  than 
tiv*  oound  prcptgstioij  tie*,  r  yh  ,  the  pcaiticn  of  tbs  radiating  eddy  fe  cpstr»aa~*irx» 
t(>#  prreaeura  probe,  y.vQ. 

w*  can  not  rskso:  utbly  exp*ct  that  there  will  h*  aay  appreciable  oorr#  Istioa 
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for  |t  -  r'/»0l  greater  than  one  or  two  characteristic  times  for  the  radiation  process. 
(This  characteristic  time  is  of  the  order  D/v ' ) .  This  is  the  result  from  a  large  number 
of  turbulence  experiments  which  have  shown  that  an  eddy  dies  out  after  approximately  one 
such  cof.  elation  tims. 

It  will  be  interesting  to  offer  a  reasonable  surmise  concerning  the  shape  o£  the 
cross-cc  elation  measurements .  To  this  end  let  us  suppose  that  a  typical  eddy  responsible 
for  the  sound  radiation  consists  of  a  modified  vortex  flow.  Then  we  can  make  a  eemi- 
quv.ntitative  guess  concerning  the  behavior  of  the  static  pressure  as  the  eddy  pastes  the 
probe  position,  recognizing  that  the  Bernoulli  principle  gives  us  the  qualitative  behavior 
of  the  pressure  in  the  eddy  field  external  to  its  core,  as  it  moves  pest  the  protw.  We 
reach  the  following  estimate  of  the  behavior  of  the  pressure  for  such  a  system.  The  _ 
outer  edges  of  the  vortex  will  show  reduced  pressure  (less  than  the  average  pressure  p 
within  the  jet).  We  suppose,  as  is  customary,  that  the  vortex  has  a  core  approximately 
in  rigid  body  rotation.  Matching  the  velocity  at  the  edge  of  the  cors  and  solving  for 
tha  pressure  in  the  core  we  find  a  lew  pressure  point  for  the  eddy  at  the  center  of  the 
core.  The  expected  pressure  field  plotted  against  time  is  shown  in  Fig.  3-Ai20> .  Frtwt 
(2)  we  see  that  the  negative  of  the  second  time-derivative  of  the  static  pressure  ip  the 
source  per  unit  volume  of  the  sound,  except  for  a  multiplicative  constant.  A  qualitative 
picture  of  this  quantity  versus  time  is  shown  in  Fig.  3-B. 

The  product  of  the  quantities  shown  in  Figs,  3*A  and  3-B  is  an  estimate  of  the 
expected  behavior  of  the  cross-correlation  functions  measured  during  the  course  of  this 
experiment.  We  shall  see  that  this  in  fact  does  resemble  the  shape  of  the  typical 
correlations  obtained  in  our  experiments. 


3.  FULL-SCALE  JET  EXPERIMENT 

The  experiment  was  conducted  out-of-doors  in  a  remote  section  of  NASA  Ames 
Research  Center,  Mountain  View,  Ca.  Test  runs  were  made  ear:/  in  the  morning  hours  to 
reduce  effects  of  extraneous  noise  and  ambient  wind.  As  a  further  check,  wind  velocities 
were  measured  before  and  during  each  run  with  an  anemometer .  The  average  wind  speed  was 
3  to  4  miles  per  hour}  at  no  time  did  it  excoed  about  7  miles  per  hour. 

The  jet  source  was  a  General  Electric  T-58  gas  generator  modified  to  a  turbojet 
configuration.  The  jet  was  exhausted  through  a  circular  nozzle  having  an  exit  diameter  of 
6.5  inches.  During  the  t*p*  no  engine  inlet  noise  suppression  was  applied.  Tha  engine 
was  run  at  four  different  exit  velocities.  These  velocities  gave  Mach  numbera  be¬ 
tween  0.S2  and  0.99.  The  gas  exhaust  temperature  varied  between  53S°F  to  896'F  respec¬ 
tively. 

The  probe  used  to  measure  the  static  pressure  fluctuation  was  a  BtK  4135-1/4  inch 
condenser  microphone  with  nose  cone.  Since  this  transducer  is  not  suited  to  high  temp¬ 
eratures,  the  probe  could  not  be  placed  in  the  central  region  of  the  jet.  The  noise 
source  and  the  probe  mechanism  were  mounted  on  a  trailer  which  was  firmly  anchored  to  a 
cement  pad.  The  centerline  of  tha  jet  engine  and  the  height  of  the  probe  was  79  inches 
above  the  cement  pad. 

The  far  field  sound  pressure  wa3  monitored  by  means  of  eight  BtK  4133-1/2  inch 
condenser  microphones.  Pheoc  microphones  were  supported  on  thin  tubular  steel  stands. 

These  were  positioned  79  inches  above  tbs  cement  pad,  thus  placing  them  in  the  same 
plane  as  the  centerline  of  the  jet  and  the  probe. 

The  signals  from  tha  probe  and  the  far  field  microphones  ware  FH  recorded,  Tha 
recording  speed  was  30  ips  double  extended  which  provided  a  frequency  reopens®  range  of 
zero  to  20  kiloHertz, 

Two  far  field  microphone  loaetries  wore  employed  for  the  experiment.  Geometry  91 
had  the  far  field  microphones  positioned  at  a  distance  of  28  feat  from  the  jet  nozzle 
exit*  starting  at  20“  from  the  jet  axis  they  ware  spaced  10*  apart.  Geometry  #2  had  the 
microphones  positioned  at  equal,  angles  on  either  9ido  of  the  jet  axis  at  a  distance  of 
28  fact  except  for  two  microphones  which  were  brought  in  closer  in  ordar  to  study  the 
effect  of  the  signal  reflected  from  tha  cement-pad.  By  placing  far  field  microphones  on 
either  aide  of  the  jat  axis  it  was  possible  to  observe  the  symmetry  of  tha  jet  noise 
pattern. 

Two  probe  positions  war®  used  during  the  experiment,  Frotoa  position  #1  was  at  the 
tip  of  the  potential  core,  and  cue  diameter  off  the  jet  axis,  S-rcba  position  #2  v as 
closer  to  tire  jet  nozzle  and  less  than  otte  disaster  off  tha  axis.  For  both  positions  the 
probe  axis  was  parallel  with  tbs  jet  axia-  Both  positions  were  just  outside  the  10% 
velocity  cone. 

Probe  position  #i  was  employed  with  both  f*‘t  field  microphone  geometries.  For  this 
position  the  jafc  was  run  at  four  different  Sitoh  numbers.  These  were  C.$2,  3.62 0.85,  and 
0.99.  Probe  position  #2  was  only  sjaplaysd  with  the  far  field  gsoaatry  42,  for  Mach  nussabar* 
0.85  and  0.62. 

The  signals -were  played  baafe  on  a  fourteen  channel  record***  Tha  probe  signal,  and 
the  particular  fax  field  signal  being  eroas-correlated,  were  continuously  monitored  on 
the  oscilloscope.  These  two  signals  wore  passed  through  a  pair  o*  mntebad  Sand  Pass  filter? 
whose  cutoff  frequencies  were  100  Ss  and  20  K&s,  The  two  signal*  ware  £wd  to  a  100  point 
crosa-corralator  unit.  The  output  of  this  unit  vna  observed  on  an  oscilloscope  and  could 
be  plotted  an  an  X-V  recorder,  la  addition  to  tha  correlation,  third  oofcsve  spectrum 
analyses  were  sasda  of  the. rscordad  signal*. 

Tha  fchird-octavc  signal  characteristic*  for  tbs  probe  signal  for . probe  peeitioa* 

#1  (x/D  -  5,2  sad  x/d  «  1.0)  is  shewn  in  Fig,  4  for  the  four  different  (Snob  oembur*, 
while  that  tor  position  #2  (K/D  »  3.5  and  X/0  *  0,10)  chewed  similar  signal  character¬ 
istics.  The  rise  slopes  at  low  Sroqssmcia*  for  the  first  probe  position,  ere  almost 
identical  for  tha  tour  different  jet  valsscitio*.  -The  sjxfcotra  peaS^freqssaneiee  as* 
proportional  to  the’ exit  Mach  number*,  Tha  high  frequency  full-off  port!***  of  tJ»s« 
curves  are  also  vary  similar  up  to  a  frequency  of  Bids  where  the  curve  tea  *t  *  &.S2 
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shows  about  e  5  dB  peak  at  approximately  10  KHz;  the  higher  speed  flows  show  high  fre¬ 
quency  spectra  which  begin  <~o  flatten  out  at  about  16  Khz.  It  is  possible  that  these 
anomalies  result  from  dipole  radiation  from  the  pressure  probe.  In  any  event,  the  affect 
is  slight  below  10  -  12  KBss .  More  will  bo  said  on  this  matter  when  we  examine  tha  far 
field  third-octave  spectrum  and  the  cross-correlation  functions. 

The  normalized  cross-correlation  functions  are  shown  in  Pigs,  5  nd  6  for  the 
probe  in  position  SI,  for  the  far  field  microphones  at  various  angular  positions  and  for 
M  *=  0.52  and  C.99  Mach  numbers  In  all  these  curves  the  cross-correlation  shows  &  mini¬ 
mum  of  two  peaks,  tor  example,  for  6  equals  2Qa  and  Mach  number  0,99,  we  hava  one  peak 
with  a  normalised  cross-correlation  value  of  9.132  followed  by  a  second  peak  with  a 
value  of  0.1a7.  The  second  peak  is  caused  by  the  cement -pad  reflected  signal.  In  Pig.  6 
the  peaks  for  ths  direct  signal  and  the  reflected  signal  are  wall  defined  up  to  and 
including  tha  angular  position  of  80°,  for  6  equals  90*  we  see  multiple  peaks,  perhaps 
due  to  the  interference  of  the  frame  used  to  support  the  probe  traversing  mechanism.  The 
delay  time  t  increases  with  tae  angular  position,  which  coincides  with  the  fact  that  tha 
distance  from  the  probe  to  the  far  field  microphone  increases  with  increasing  angle.  The 
normalized  cress-correlation  value  in  general  decreases  with  increasing  far-fiald  angle, 
and  with  decreasing  jet  exhaust  Mach  number.  Tha  cross-correlation  broadii.se  with  decreas¬ 
ing  Hach  numbers  showing  that  tha  dominant  frequency  decreases  with  decreasing  jet  exit 
velocity.  At  largnr  angles  6  the  dominant  far  fi  Id  frequencies  are  higher  than  those 
of  the  lower  angles.  The  reflected  signal  does  decrease  the  value  of  tha  cross-correlation 
of  the  direct  cignn1 .  This  is  especially  seen  in  Fig.  5  whar  the  crcss-correlation  due 
to  the  reflected  signal  has  greatly  overlapped  the  direct ly-propagat.ng  ore e»-corx elation. 
The  normalized  cross -correlation  for  6  «  29®  and  360*  ^  Pig.  7,  shows  chat  there  is  a 
significant  degradation  in  the  value  of  this  function 'as  a  result  of  the  sound  traversing 
the  jot.  This  reduction  in  correlation  can  be  laid  to;  1)  refraction  off.  ts  cn  the  sig¬ 
nal  due  to  its  having  to  traverso  the  hot  jet  (sea  below  in  this  connection)  and  2) 
(probably  slight)  scattering  losses  as  the  sound  traverses  tha  turbulent  jet , 

Th©  time  delay  for  all  disturbances  propagating  across  tha  jet  were  calculated  by 
using  Kuehsmsnn  and  Wcfcor (21)  temperature  profile  for  &  circular  jet.  By  observing  the 
path  taken  by  each  ditsturbaaca  through  this  profile  an  average  sound  vale  dty  was  calcu¬ 
lated  for  each  disturbance  as  it  crossed  the  jet.  These  time#  checked  with  those  measured 
in  tha  axparisant.  , 

The  function  Q(?,,k  +Y, t)R'5  for  the  probe  position  at  X/D  **  5.2  and  Y/D  *  1.0,  for 
ttech  nunbors  0.62,  0.3F,“an&  0.99  versus  far  field  angle*  is  ahewn  in  Pig.  8;  here 
t  «s  r '/an  i  the  proper  time  delay  frera  the  probe.  For  these  plots  tha  highest  cross- 
eorralation  value  was  ustad  (whether  from  -he  direct  signal  or  ibe  reflected  signal  and 
whether  positive  or  negative) .  The  function  Q  gives  the  fraction  of  tha  generated  sound, 
pz-r  unit  volume  of  source  region,  originating  at  th®  probes  position.  The  function  is 
proportional  to  tha  correlation  of  the  static  pressure  with  tha  sound  field  pressure. 

Taeea  graphs  *»hcw  that  the  fraction  of  sound  originating  from  the  eddy  centered 
about  the  pressur®  port  of  tha  »rob<s  was  greater  the  smaller  tha  far  field  angle.  The 
rasulta  also  show  that  ths  fraction  of  sound  from  this  region  ia  small,  showing  that  the 
noisg  generating  volume  of  the  jet  is  fairly  well  con fined ,  presumably  nearer  ths  jet 
axis  than  was  the  probe.  Per  Mach  uusdjer  0.62  the  fractional  noiee  contribution  from  tha 
profc©  poaifciof  is  copsidarsbly  Isbs  than  it  was  for  the  higher  Kaeh  numbers.  This  would 
suggest  that  at  the  lower  Mach  «uaiK»r  the  noise  generating  volume  is  confined  even  more 
closely  to  tha  jot  axis. 

Burlier  wa  mentioned  that  for  tha  oroea-correlatioa  awaBuremanta  mads  with  tha 
pressure  probe  th*  far  fisld  microphones  ©w  opposite  eider  at  the  jet  that  the  sound 
ray  path  ia  bast  dne  to  tse^arefcure  and  velocity  gradients.  Observing  the  graph  for 
Hach  ouebrtac  0.9v  «**  will  Kota  that  tbs  function  Q(R,*  +Y,t)D  for  9  •  369*  is  approxi- 
aatsly  to  §  *  $0*  to  79®,  m id  that  fcha  value  fox  $”«  300*  is  lower  than  6  «  90*, 

suggesting  the  possibility  that  tfe-n  ray  pptha  originating  at  this  probe  position  bead  by 
at  least  39*  when  crossing  tlw  jet. 

4.  rmmi,  os?  mmst&Wft 

Th©  purpose  of  title  as^eytear. *  is  to  the  sound  producing  region  of  ths  fra* 
jet  for  different  tar  field  aagflo*  in  tarns  of  the  Q-funstiou  dsscribod  above  and  to 
«R8$ix&  ^ta  validity  of  the  tacdjnigua  employed  by  apsneonieateiy  integrating  this  function 
over  the  turfeoisat  vtsitss©.  A  feaa»*d«ra^ig  a»re  couplet*  description  of  thaea  experissust© 
can  be  found  ia  gurdls'e  Fh.iJ,  thesis. 

uspasjigsash  m#  cor4uct«S  in  th*  BOA  Scales  laboratory  inside  an  anachoic 
ehs&Bbar,  ^i?ia  ofea&bss-,  whoso  di^isiccs  «*•  approximately  2i*x23*,  has  a  step  calling 
with  hsights  s>i  spnrexb&srt-siy  6  feet  and  10  feet.  ..  .  . 

^Bttsee  j*t •  issued  Srtfe  e  1-1/2  inch  die.  nozsla  with  an  arsa  xmt*o  9* 
7.55.  aia  Supply  faeStag  the  jet  system  originates  at  tha  tJCIA  abeam  plant,  locsted 
»§pre??i*st*.ly  *iie  fra*  the  laboratory,  the  mortawa  line  pressure  for  this 

ayatea  li?  ef^sdxi»it*Xy  14$  psi.  T&e  si?  Hm  pastas  *teroeab  a  fiew-reta  control  vaivs, 

Th*  i s  tba?,  espastded  &»2  enter#  a  20  foot  lestg-  scoustio  los  pass  filter.  The 

expesiaeata  rbpsriad  Sere,  -wore  coaducted  at  Meek  of  0,5  and  0,6. 

Tfea  static  freaaere  withia  tha  jet  was  «a«autad  ueiac  a  S*K  4X3S-1/8  loch  dia»at*r 
pressure  isrcfee  pith  a  acre  cow.  Shan  a  static  pressure  preho  is  inssrted  la  *  tutinijeat 
ikotf,  re  »asi.  re  oeoeareed  with  tha  tala tionehip  between  the  treasure  measured  and  the 
true  static  ftt«ank  f iuctuatioa* .  The  iasaitioo  of  preeeure'  in  jet  flaw  has  baaa 

insert both  tteoretically  and  eaparlaafttally  during  recent  rears,  Strasberg'23' 
aaasuneS  *M  p-tediefced  fjiseretlealXy,  th©  fluctretiag  static  ead  total-htsd  prereeres  in 
.  a  ceftasiaftt  weke.  fSe  ccocladed  that  the  static  pressure  errer  due  to  cress  flow  fos 
ieetrepic  turbulent*  was  of  the  so**  os^er  as  tf»  pressure  ofee  is  tryiog  to  oeaaura,  but 
in  c*b*  of  s  turbulent  flow  that  the  error  is  si?»i£ioastly  zawllter.  It  ia 


noted  r;hat  even  such  errors  as  thfe  oau*®  little  difficulty  in  correlation  measurements 
if  cross-flow  effects  are  largely  uncorralated  with  the  radiated  sound. 

Siddon^2*'  made  an  extensive  study  on  the  response  of  pressure  measuring  inoiru- 
mentation  in  unsteady  flow.  He  concluded  that  the  correction  to  roct-sw&n-squ&re  pressure 
fluctuation  level  generally  amount  to  less  than  20%.  Sore  recant ly  FuohauS)  conducted 
both  theoretical  and  experimental  investigafioao  of  various  error  mechanism  which  affect 
the  measurements  of  static  pressure  fluctuations  in  lover  turbulence  level  flows.  He 
showed  that  a  standard  condenser  microphone  does  give  an  accurate  picture  of  the  static 
pressure  fluctuations. 

We  also  have  done  a  considerable  amount  of  work  {to  be  reported  elsewhere)  on 
static  pressure  probes. 

The  test  geometry  employed  for  this  experiment  is  shown  in  Fig.  3.  it  consists  of 
two  far  field  positions  and  ?3  pressure  probe  positions.  For  runs  made  *t  Mach  number  0.5, 
the  probe  positions  of  x/d=0&1  were  eliminated.  The  probe  positions  are  selected  00  that 
we  cover  the  regions  of  the  jet  which  are  believed  to  be  th«  major  contributors. 

AnaJ.yeas  of  the  data  were  made  in  roal  time  and  from  tape  loops.  For  correlation 
measurements ,  tape  loops  can  bo  run  repeatedly  in  order  to  improve  the  ratio  of  correlated 
signals  to  uncorrelated  signcla  (noise  Background} , 

For  cross-correlation  measurements,  the  signals  were  differentiated  as  dose,  ibed 
by  Eg.  (14‘ . 

Third-octavo  spectra  of  the  static  pressure  fluctuations  fer  one  probe  position 
arc  shown  in  Fig,  10  fo~  both  tiuch  0.5  and  0.6.  Examining  ths  on-axis  meaaarssaenta,  some 
probe  verts*:  shedding  is  evident,  .in  particular  for  Hach  0.5,  as  evidenced  by  the  e light 
peak  at  &  KB a ,  corresponding  to  a  Strauhal  number  of  0.2, 

From  measurements  (rot  reported  .acre)  it  was  found  that  tho  static  pressure 
fluctuations  ware  4  dB  greater  in  ths  shear  region  {mixing  region)  of  tho  jot  than  they 
were  at  on-axis  regions.  Further  the  mixing  region  fluctuations  were  of  higher  frequency 
than  those  on-axie.  Thaea  characteristics  were  reproduced  in  sound  field  cross  corre¬ 
lation  measurements  discussed  below. 

As  the  probe  in  moved  cat*idc  of  tho  jet  10%  velocity  profile,  (see  Fig.  9)  there 
is  a  d-aetic  drop  in  pressure  level  and  far  field  pressure  f tounc’  ifeid  pressure) 
characteristics  began  to  appear  at  the  high  frequency  end  of  the  spectrum  where  the 
curve  begins  to  deviate  from  the  slope  found  within  ths  jet.  The  pressure  lava!  at 
X/D  -  5,5  and  Y/D  «  2  is  down  approximately  25  dB  from  tie  peak  pressure  {fluctuation) 
on  tho  jot  axis. 

A  static  pressure  radial  profile  was  Baulk*  at  S.4  diameters  down  ths  jet.  Thu 
result  of  Shis  teat  is  shown  in  Fig,  II.  The  knee  i  this  curve  shews  the  position 

where  ths  fax-  field  pressure  signal  b«gin»to  dominate  the  static  pressure  fluctuations. 

As  described  abovs,  the  pressure  scutes  model  is  not  valid  fcayor.d  this  knee,  and  the 

integral  in  Eg.  (2)  must  b®  broken  off  there.  Those  transition  regions  show  same  fre¬ 

quency  dependence.  This  curve  suggests  that  the  sound  source  region  is  fairly  well 
confined  near  tho  jet  axis  as  is  canfittaed  by  correlation  waasurensivts  discussed  below. 

in  Fig.  10  we  see  that  the  pressure  level  difference  botvoon  the  tests  at  Mach 

0.5  and  0.6  was  approximately  3  dB,  as  expected;  the  pressure  fluctuation  varies  as  the 
jet  velocity  squared.  .  . 

The  (unwanted)  radiatiqg  of  sound  by  ths  preesuxs  probe  ia  important;  it.?  effects 
are  shown  in  Fig.  12.  Curie  has  shewn  such  sound  is  dipole;  it  is  g-uusod  by  turbu¬ 
lence  interaction  hare  with  tho  probe  resulting  ia  (mainly)  fluctuating  lift  and  fleet:  <?£-) 

fluctuating  drag  forces. 

Vfs  Hiecuss  now  cocas  of  the  mmwe«A  eroco-cerrolatiota of  the  static  pressure  with 
sound  field  pres sure.  In  Fig.  13  cjorre!afci<:»"  are  shown  for  Kaoh  0.6,  using  various  e»- 
axis,  probe  positions;  6  «•  30*.  The  correlations  sys  sssfe  nosaslised ,  but  ths 

relative  .aired  axo  significant.  It  is  eoaj-;  that  ths  greatest  correlations  occur  for 
X  »  4D.  Tha  signsl-tc-naiiso  cjMursht«rigt4«$  off  this  cersolatione  can  bo  improved  by 
repeatedly  running  the  tape  loop*  on  which  tho  ai«»ais  are  racorded. 

In  Fig,  14  we  show  two  different  chmrantsrlatics  of  ths  cv ■esa-eerrelatioBa.  first 
we  see  ths  effect  of  differentiating  tba  signals .  Is  feet  the  eojeralations  era  ecssvhsk 
dagradad  by  differentiation,  in  part  bsearasee  of  the  *tte*d«nfc  eshmo&umt  of  ths  effect 
off  probe  dipole  -  sound  csfliatiba.  &>&&&}&  v»  «*»  the  expected  degradation  of  the 
eortalstion  vh*«  ths  sound  traverses  ths  turbulent  Jwt,  Sfesae  cor  relations  were  measured, 
an  ee«h.  with  -the  pyc-sc  la  the  fixing  lever. 

ss&  torn  new  to  tho  dedustion  of  ths  reletivs  iagporfesses  of  different  regions  of  the 
jet  in  the  ps-sduetfes  of  sound,  using  th*  defined  in  £qf,  (M),  ths  value  of  the 

Q- function  toy  the  probe  op  tiw  jot  axis,  loss  tfiw  fear  &&$&•%&*  fwa  the  jet  nogs.le.ia 
was slfsbl®  bm&®»9  h$  tba  of  tasrtex  $hsAdiia$-  atfcesuSajst  dipolo  raAlaiios  (when 

tho  prolfeo  is  within  ths  j*t's  pdtautiai  etgpeK 

iha  Q- function*  fer  th»  jet  jasssih®  at  Hscb  -aigsfc®*?  ft^ars  shewn  for  B  *  30*  and 
€0*  respectively  in  trA«?s.  15  end  1§»  cosrrsr^MS sstfeg  plots,  0.5,, ars  similar,  «feo  numbsrs 
shown  in  tha  *ni$&  litto  .r-actangl*}}-  *$34  ths  vsiuBO  ffot  the  rsioiuated  for  the 

probe  eogitioaftd  la  ths  «s*snt»y  of  thas*fs  'rsstsajit#,-  Thews  v^g&ss  shown  iasids  the  dash  lias* 
were  interpolate.;? . 

rose  0  •<  33*  ths  Ssaia  ^ssrhri^Ktfetsa  to  ths  feOtti  field  s4«s  ia  a  cyliadvricsi  volume 
centered  about  ths  jot  -axib,  fbfe  Has  *  <li  taster  equivkianfe  to  the  j&A  possle 

diaustsr  sad  sxtstt^t  fro*  *  3-. 5  sa»  K/B  «  $.$.  vb&ii  tfes  prob#  wos  g^aeitioasd  susm  thsa 
ofts-fcslff  diuBstar  xjnsk  the  jet  brie  ths  .QH&iflsfSic®  hsootss  quite  stsAU.  svsa  is  ths  vicinity 
of  the.  chair  ssrxiivg  region. 

For  ft  «  SO®  tb*  iihssf7  ttfeiag  **gim  bsewass  very  stigai.?l«aa*  in  sound  production, 

•  ©*  Pig.  IS.  Sftt  see  ia  that  fk$atv  $hftt  %So  tigau  off  v»lu«  off  tits  «*3xrel*tio» 

rev»r*a  or  opposite  sides  off  the  jet  -  -uSsm  fihs  -p&Om  is  i^^rfn  fch«.«is.i»g  xogich.  This 
could  If  psssJWi  fflttSfcMS^ieMJS  oh  oopqjfifev'  Aids#  oi  Hiss  S#t  were  *i%ti-cacs'sl*tcd-, 

e«4  if  *&♦  wiwa  ism  ths  #!*»  off  tbs  Jsfc  &Af  fkk  ti*&X s&cki&tfT*  *mt*  dominaat- 

Ehe  prWiiiure  sasi-ffiorrslctioa  wwild  to  e’aaritct-iristic  df  *  “smakr-lik**  ioafcsMlity  of 
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the  jet  at  these  Mach  noabers »  From  Fig.  16,  the  turbulent  volume  mainly  responsible  for 
sound  generation  at  this  far  field  position  consists  of  the  shear  mixing  region  plus  a 
cylindrical  volume  centered  about  the  jet  axis  from  approximately  X/D  *  3.5  to  8.5.  As 
before  the  diameter  of  this  cylinder  is  equivalent  to  the  jet  nozzle  diameter,  it  is 
recalled  that  the  frequency  of  the  radiated  sound  is  higher  at  these  larger  angles. 

the  Q-function  along  tha  jet  axis  is  plotted  on  a  leg- log  graph  in  Fig.  17  for 
&  -  30 9 .  The  source  strength  falls  off  like  the  3.7  power  of  X.  The  rata  of  fall  off 
is  slower  then  predicted  by  Ribner  (27)  and  by  by&z (28) . 

A  check  on  the  validity  of  the  work  is  provided  by  the  volume  integral  of  Q>  this 
should  be  approximately  unity,  embracing  as  it  doss  all  of  the  sound  sources  (recall  that 
0  is  -tormalised,  see  Eg.  '143V.  The  results  for  these  approximate  integrations  are  shown 
in  Table  1. 

TABLE  1 


Maoh  # 

e 

tVi 

0.6 

30* 

1.11 

0.6 

60* 

1.76 

0.5 

30® 

1.47 

0.5 

60* 

2.14 

As  prsviouvly  mentioned,  the  Q-f unction  was  calculated  by  using  the  largest  peak  observed 
in  the  correlation  function.  Since  the  delay  tima  (r/a  )  could  not  always  be  well  deter¬ 
mined,  it  is  possible  that  the  actual  value  of  tha  Q-function  for  a  particular  position 
should  have  been  baaed  on  a  correlation  value  adjacent  to  tha  pa&k,  tending  to  make  our 
results  ovoraatimat-sa ,  Xn  addition,  the  pressure  levels  used  to  calculate  the  Q-f unctions 
could  have  an  uncertainty  of  ±  1  dB  on  the  average.  Considering  these  two  factors  and  the 
coareo  integration  <saployad,  the  integration  of  the  Q-f unction  above  good  agreement  with 
the  theory. 

S.  CQS&aMJSXGSS 


Both  nets  of  experiments  doaonetrate  tha  usefulness  of  the  usa  of  pressure  probes 
and  csrosa-corjrslatiooo  for  the  determination  of  jet  sound  source  positions.  The  results 
of  the  model  jot  ecgptr’iaenta  show  that  the  turbulent  volume  responsible  for  the;  major 
noise  generating  sMWShajsisass  of  a  free  jet,  for  tbs  Nach  numbers  tested,  is  confined  to  a 
cylindrical  volume  c entered  about  tbs  jet  axis  and  1 oca tad  in  tha  general  vicinity  of  the 
end  of  the  potential  core  region  of  the  jet.  This  cylindrical  volume  has  a  diameter 
approximating  the  jet  diameter  and  a  length  equal  to  approximately  six  disaster*.  For 
the  higher  fsr-fieid  angles  taa  shear  wising  region  bee ansa  an  additional, strong  source 
region.  When  tha  jet  velocity  decreases,  the  noise  generating  source  region  shows  a 
tandancy  to  esatra ot  tsesrrS  toe  jet  aoasle  with  the  shear  mixing  region  becoming  more 
important  for  all  far  field  angles. 

MaMor’fcsaaaeagfe 

'fm  eutlMsr*  'tfiah  to  **Wk:  Or Siwan Umw ter wany <i!xxm£ont;  Mr.  D.  Regan, 

VCth,  fas  his  *ssXt?aMs  aoeietasx*  during  the  analysis  phase  of  tbie  program}  Mr.  Q.K.Hcddar 
Ctf.S.  Mm/  Kt&iUty  Sfc&  Ss&b),  for  extensive  tee&aleal  belp^asd  Hr.  D.  Hickey  (HASA  saaae 
Research  Verntml  for  eeej$4aa tinjf  tale  effort  -xtimm  HASH  A see  and  UCLA.  This  study  was 
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DISCUSSION 


Dr  Fuchs:  I  am  both  very  impressed  end  happy  with  the  authors’  results  from  cause-effect  pressure  correlations  in 
subsonic  jets.  A  comparison  between  Figures  JS  and  16  indicates  that  for  small  far-field  angles  0-30°  the 
maximum  correlation  coefficients  are  obtained  with  the  probe  microphone  on  the  jet  axis  whereas  for  9  =  60° 

(he  correlation  coefficient  is  greatest  for  probe  positions  in  the  central  mixing  region.  Departing  from  the  authors’ 
own  interpretation,  may  1  suggest  the  following: 

At  angles  close  to  the  axis  the  sound  emission  is  predominantly  due  to  axisymmetric  source  components 
according  to  Michalke’s  }Z.Fiugwiss.  Vol.20  (1972),  pp.229-237]  theoretical  description  of  noise  from  azimuthal 
jet  turbulence  components.  With  the  pressure  probe  measuring  only  the  fluctuations  induced  by  these  symmetric 
components  when  positioned  on  the  axis  of  symmetry,  the  high  correlation  values  there  can  be  understood  without 
assuming  that  “the  sound  source  region  is  fairly  well  confined  near  the  jet  axis”.  In  this  case  the  on-axis  probe 
seems  to  best  monitor  the  cause. 

At  higher  angles  from  the  axis  the  sound  may  be  due  to  higher-order  azimuthal  source  components.  These, 
however,  can’t  be  traced  on  the  axis.  Hence,  though  Figure  16  shows  considerable  correlation  coefficients  on  the 
axis,  the  optimum  values  (up  to  0.357)  are  obtained  with  the  probe  in  the  mixing  region.  It  is  particularly  interest¬ 
ing  to  note  that  correlations  with  probes  on  opposite  sides  of  ths  jet  have  opposite  signs,  thus  indicating  a  dominant 
first  azimuthal  source  component  or  “snake-like”  jet  instability  as  pointed  out  by  Meecham  and  Hurdle. 

Concerning  the  effect  of  vortex  shedding  and  attendant  dipole  radiation  (when  the  probe  is  within  the  jet’s 
potential  core)  may  I  ask  wheefcer  there  are  reasons  to  suspect  this  of  dominating  the  correlations  other  than  that 
of  the  high  degree  of  correlation  itself?  I,  nevertheless,  agree  that  large  correlation  coefficients  are  at  variance  with 
a  model  in  which  thousands  of  eddies  contribute  to  the  far-ficld  noise. 

Finally,  did  the  author  make  sure  that  the  rectangles  in  Figures  .'5  and  16  could  be  taken  as  sometliing  like 
independent  eddy  volumes,  and  how  did  they  consider  the  fact  that  Qj  is  negative  in  some  regions  when  perform¬ 
ing  file  summation  ZQjVj  in  Table  1  ?  Also,  did  the  authors  find  that  filtering  of  the  pressure  signals  may  increase 
the  correlation  coefficients  (a  phenomenon  which  was  reported  in  Reference  16)? 


frcf-Meecfesm:  The  proposals  involving  Michalke’s  discussion  of  sources  ream  possible  to  to.  The  remarks  concern¬ 
ing  on  and  off-axis  measurements  of  the  sources  are  consistent  with  Michslkc’j  discussion.  We  do  like  the  physical 
view  which  we  proposed  of  course;  the  idea  that  the  tower  frequency,  higher-intensity  sound  (observed  at  smaller 
angles  to  the  jet  axis)  originates  in  the  unstable  region  at  tbs  end  of  the  potential  core  seems  to  us  appealing.  And 
we  also  like  the  physical  Idea  that  the  higher  frequency  sound  observed  at  larger  aaslcs  on$ins''es  in  the  mixing 
layer,  as  our  measurements  may  seem  So  suggest  There  no  doubt  are  other  viewpoints  which  lead  to  this  physical 
model. 


Concerning  the  evidence  for  dipole  sound  fro  n  the  probe:  we  feel  that  when  the  probe  is  within  fire  potenfisi 
cone,  and  in  particular  when  the  probe  i«  very  -set  .*  ths  exhaust  exit,  such  dipole  sound  i*  important  within  the 
radiated  sound  field.  For  reasons  out&ssd  within  the  body  of  the  work  we  feel  that  such  sound  it  uaimporUot 
when  rise  probe  is  outside  ths  potential  core. 

From  our  viewpoint  the  rectangle  referred  t)  >  need  not  be  centered  oo  independent  eddy  volumes  fsso  Equation 
( 15)  and  related  remarks).  The  negative  vafea»  of  Q,  ware  not  of  uspe-rtxnce  in.  eafculaUag  Table  1 ,  We  did  not 
do  much  work  with  filtered  sigaak.  but  do  btljcw  that  such  filtering  could  eahxaee  the  correia  Uoo  aoeffidants. 


SOC  EXPSRBSNTAL  OBSERVATIONS  OP  THE  REFRACTIGN  OF  SOUND  BY  ROTATING  ?LGW 


by 

0  i  Sutler,  T  A  Solbedic  dud  F  Fethnay 
Aerodyranics  Department,  Royal  Aircraft  Establishment, 
Farnborough,  Hampshire,  England  0014  6TD 


SUOMSY 

Soss  experimental  and  theoretical  studies  of  the  interaction  of  sound  with  a  rotating  flow-field  in  the 
form  of  ar  aerodynamic  vortex  are  described. 

The  oxperiments  mt  carried  cut  in  the  acoustically-treated  working-section  of  the  PAR  94-foot  diameter 
opefr-jet  wind  tveasSl.  Vortices  vere  generated  by  aettisg  a  sharp-caged  slender  wing  at  incidence  in  the 
tunnel  airatreaa  and  the  effect  of  the  vortex  flow  downs  traits  of  the  wing  trailii  ^-edge  on  the  noise 
propagating  from  a  small  loudspeaker  source  was  investigated  over  a  range  of  sound  frequencies  and  wind 
speeda. 

Consider eblt  refractive  redistribution  of  the  sound  energy  by  the  vortex  flow  occurred,  leading  to  far- 
field  regions  of  markedly  decreased  and  Increased  sound  intensity.  Qualitatively,  these  effects  are 
consistent  with  the  predictions  of  ray  theory,  although  the  interaction  persisted  down  to  frequencies 
where  ray  theory  might  be  regarded  as  inapplica’ 'e. 

Some  possible  reasons  for  the  observed  differences  with  theory  are  briefly  discussed. 

i  afiaoDoaTics 

Refraction  becomes  of  considerable  importance  in  the  propagation  of  sound  vhensver  the  ray  bending,  caused 
by  velocity  and  temperature  gradients  in  the  medium  in  great  enough  to  produce  a  significant  redistribution 
or  redirection  of  the  sound  energy.  Some  familiar  practical  illustrations  of  awrked  sound  refraction 
effects  which  can  occur  in  the  atmosphere  may  be  recalled!  the  occurrence  of  sonic  booms  only  within  a 
ground  corridor  of  finite  width  (about  80  km),  the  inaudibility  of  thunderstorms  beyond  a  certain  critical 
distance,  the  occurrence  of  tones  of  silence  around  Intense  explosions  on  the  ground,  and  the  noticeable 
noise  reductions  which  occur  near  the  ground  on  a  hot,  sunny  d&y. 

Significant  ray  bending  esn  also  occur  within  rotating  flows  typified  by  a  vortex  or  an  eddy  and  in  this 
paper  the  results  of  some  recent  studies  at  the  iAS  into  this  interesting  phenomenon  are  presented.  The 
effects  observed  a.\y  well  have  seme  eventual  practical  application  to  the  reduction  of  aircraft  noise. 
Vortices  are  always  produced  by  aircraft  in  flight  and. situations  can  occur,  particularly  for  rear-engined 
aircraft,  where  noise  from  the  engines  may  propagate  through  a  vortex  (or  vortsx  system),  originating  at 
the  ving  ts ailing-edge,  before  reaching  an  observer  on  the  ground.  The  possibility  that  vortex  refraction 
might  be  responsible  for  the  somewhat  lower  than  expected  levelt  of  sideline  noise  thijt  have  been  reported 
for  thane  aircraft  configurations  was  suggested,  in  fact,  a  few  y«*r*  ago. 

Sound  propagation  through  rotating  flow*  Staving  concentrated  verticity  has  been  considered  theoretically 
by  several  acffcore  (1,  8t  3,  4)  for  situations  vfcen  the  sound  wavelength  1*  such  aasllw  than  the  length 
scale  of  the  flow  so  that  ray  theory  can  to  applied.  In  3af  (5)  *  wave  equation  approach,  which  nvoids 
the  etc  we  restriction*  vu  applied  to  the  saalogeus  ps-ohiee.  of  the  testtwiesj  of  a  plane  sound  wave  passing 
through  *  aiogle  vortex  cf  finite  radius,  Ltwfcnr  { ) )  exaiiaad  sound  rqys  trawellisg  through  a  potential 
vart&Kf  while  ftr  a  eyliadkicfaily-stratified  velocity  f  old,  both  Cock*  v?)  a»S  Sslaat  (s)  dveive  a  simple 
ilffmrtnetiai  ’.vtuatioc  far  the  path  of  a  tout'd  ray  through  n  vortex. 

The  germs  try-  and  differential  equation  for  the  ray-path  in  polar  eoordinsts#  as*  si-eva  in  Fig  t.  Also  shown 
i*  a  reminder  that  et  aey  point,  the  rsy  vector,  which  is  the  direction  of  energy  propagation,  ia  fonasd 
from  the  vocvor  cua  of  the  wave  asraal  (n)  sad  flow  velocity  (V). 

Ait  ho  ail.  this  differential  aquatics  c*a  be  solved  exactly  for  ray  path*  in  par  tie'll  or  flow  fields,  wa  c«a 
illustrate  the  gt&sral  affect*  of  sound  propagation  t>sreug!t  rotating  flow  with  scsss  sosiits  due  to 
Georg**  (4)  uho  applied  o  say-tradag  eae^Ser  pragma  to  calculate  the  pitks  tiroweh  a  potential  war tax 
with  h  viscous  cats,  The  asimwthal  velocity  aa  a  femetion  of  vortex  rmiiss  is  *iw«a  in  Fig  i  ml  ray 
path*  fur  plans  wsves  travelling  throw's  sue*  a  vortex  art  Ab-ova  in  fig  3  ftsr-  two  value*  of  the  aaxdnsa 
velocity  V^.  (Tbs  circle  of  arrows  indicates  the  radius  of  maximum  velocity.)  it  caa  bo  toan  that  the 
outer  potential  flow  sspcreatly  has  little  effect  or.  the  ray  path*,  but  that  the  vitcous  care  refract*  the 
soeaA  rays  s troop ly  in  the  direction  of  rotation,  with  grsater  bending  the  greater  the  value  of  Vni;t,  The 
important  ispj'.e*t£ca  of  this  ray  fce»Uag  ie  that  sound  energy  is  redistributed  to  give  a  region  of 
inteittificetlo*  what*  ray*  converge  and  cs*  of  reduced  intent ity  where  the  ray*  diverge,  whilst  it  is 
difficult  to  tree*  ladx 4  dual  sound  rtye  tngttisatttttjf,  changes  of  sound  intensity  can  bn  measurud,  so 
that  tte  prelictiao  of  tk*  rodUtri  button  of  energy  feovida*  «  teat  far  the  validity  of  ray  theory  with  4 
given  vertex  structure- 

3  sxmmmi  attests 

Soma  preliminary  -xperi mental  investigation*  of  the  intti-tstioo  of  aouad  with  the  l**di«3  -edge  wrtaB 
produced  by  a  shasp-mSf  *8  slander  delta  wing  st  ir-eidsacs  a*w  b**n  cerrita  out  in  the  acouiticeUy-ti'ested 
0  4-foot  lou-*pe*d  cs^n-j«t  wind  tuanrl  at  KaS  ytfaturat^U  (ft)  ml  were  reported  earlier  (7).  Vise  worSdap- 
sectfon  boundary  valla  of  this  Rasas 1,  Pip  4,  have  femes  lined  with  tcviui-aisorhi mattriai  to  rwvler  it 
suitable  fo.t  sccwatie  axperimeats,  tb«*-fcur*t  teats,  Pips  3  *o4  €,  have  sJtoua  that  owjUgihle  reftsetioex 
occur  above  about  t  kSa  with  fa  cm  thick  layer  of  poly® tier  foam  matarisl  no  the  veils,  Yitb  the 
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addition  of  acoustic  wedges  (30  ca  long)  reflections  do  not  become  significant  dawn  to  about  200  Hz. 

Bef  (6)  includes  a  more  general  discussion  of  acoustic  considerations  applying  to  noise  testing  in  subsonic 
wind  tunnels,  as  veil  as  some  further  information  on  the  tunnel  acoustic  environment. 

The  reasons  for  using  a  delta  wing  at  incidence  in  this  work  are  principally  that  a  stable,  strongly- 
rotating  flow-field  is  easily  produced,  whose  properties  are  reasonably  well-defined.  The  regions  of 
increased  and  decreased  sound  intensity  were  clearly  detected  (7),  but  a  detailed  interpretation  of  the 
results  vat  made  difficult  because  of  acoustic  interference  effects  produced  by  reflections  from  the  wing 
surface. 

These  difficulties  arising  from  the  reflected  sound  field  vere  overcome  in  the  present  work  by  mounting 
the  sound  source  behind  the  delta  wing,  so  that  the  sound  travelled  through  the  rotating  flow  downstream 
of  the  trailing  edge.  However,  in  this  region,  although  no  acoustic  interference  affects  arise,  the  flow 
structure  starts  to  become  modified  by  bound  vortlcity  shed  from  the  wing,  which  gives  rise  to  an 
additional  vortex  from  the  tr tiling-edge  rotating  in  the  opposite  sense.  This  can  be  seen  from  Fig  7 
where  the  formation  of  vortex  sheets  behind  a  lifting  slender  delta  wing  is  illustrated.  Sear  the 
trailing -edge,  however,  the  leading-edge  vortex  is  the  stronger  and  remains  a  principal  feature  of  the 
flow.  The  refractive  effect  of  the  secondary  vortex  system  is  relatively  smell. 

The  experimental  arrangement  is  shows  in  Fig  8.  The  delta  wing,  which  had  a  70°  leading-edge  sweep  and 
1.53  ■  chord,  was  supported  free  a  central  pillar,  with  the  loudspeaker  source  mounted  on  a  support  from 
the  model  so  that  sound  transmitted  through  the  trailing  vortex  system  would  be  detected  by  the  travelling 
microphone,  the  latter  was  a  'J-inch*  Bruel  and  Kjaer  Type  4133  free-field  microphone  fitted  with  » 

'nose  cone'  Type  UA  0385.  The  source  and  microphone  vere  arraigad  to  be  in  the  same  plane  perpendicular 
to  the  free-* tr earn  direction.  The  loudspeaker  (Goodman.-!  miniature  horn-type)  was  excited  with  a  third- 
octave  sample  of  vhite  noise,  and  the  signal  from  the  microphone  was  filtered  to  the  same  bandwidth  to 
reduce  the  intrusion  of  broadband  tunnel  backgrou,td  noise,  the  sound  pressure  level  ves  recorded  on  a 
Brfiel  and  Ijaer  level  recorder  Type  8305  which  uau  synchronised  with  the  microphone  traverse  system. 

The  third-octave  sound  presiure  levels  in  digital  fora  were  also  displayed  on  a  General  Kadio  "teal  Time” 
Analyser  set  up  in  parallel  with  the  level  recorder  system. 

In  the  earlier  experiments  (7),  the  angle  of  incidence  of  the  delta  wing,  the  wind  speed  and  the  sound 
frequency  wore  varied  to  test  both  the  effect  of  vortex  strength  and  wavelength  parameter  ka.  In  the 
present  series  it  was  decided  to  dispense  with  the  incidence  variation  and  to  consider  a  more  extensive 
range  of  frequencies.  Accordingly,  tha  incidence  was  set  at  19  and  by  using  two  loudspeakers  (one  'tr 
frequancies  greater  than  3  kite,  one  for  frequencies  less  than  4  kHz),  a  total  of  fourteen  third-octav- 
bands  from  800  Hz  to  15  kHs  was  covered.  The  wind  speed  was  varied  over  the  range  zero  to  35  in  steps 
of  12  %/s,  corresponding  to  a  free  stress  Haeh  number  ieerjeeat  of  0.035,  and  non-dimsnsional  ssimnthel 
velocities  in  the  vortex  (V^^c)  of  approsimately  0.025,  0.05  and  0.075  respectively  (8)  at  the  three 
values  of  tunnel  wind  spoed  used.  The  microphone  was  traversed  over  a  distance  of  about  2.5  »  to  give  an 
angular  range  ($)  of  approximately  40  at  ti»  source  (Fig  8). 

For  each  frequency  and  wind  speed  a  traverse  was  also  made  with  no  signal  fed  to  the  loudspeaker  in  order 
to  determine  the  level  of  the  tunnel  background  noise  in  the  particular  third-octave  band  of  interest. 

In  general,  the  tunnel  noise  was  much  weaker  than  the  signal  from  the  loudfipssker  except  at  the  highest 
wind  speed  when  at  frequencies  below  2  k3s  the  tunnel  noise  was  intrusive.  The  tunnel  background  noise 
spectrum  at  a  wind  speed  of  30  %'s  is  illustrated  in  Fig  % 

Measurements  vere  takes  with  the  loudspeakers  at  two  stations  downstream  of  the  trailing  edge  (0.25  m  and 
0,5  at)  in  order  to  look  for  differences  produced  by  the  development  of  the  secondary  vortex.  A  few 
traverses  were  also  made  with  the  wing  at  zero  incidence  (whan  no  leading-edge  vortices  ere  produc'd)  to 
show  that  the  effects  observed  ware  associated  with  the  rotating  flow  sad  act  due  to  soma  unexpected 
yecturc  of  thn  free-streaa  flow  tv?  its  interaction  with  the  source.  This  aspect  wes  investigated 
thoroughly  in  the  previous  teats  (7),  when  it  was  shown  that  these*  was  wjy  little  charge  (less  than  1  <JB) 
in  the  sound  field  with  the  wing  «t  taro  incidence  as  the  wind  speed  was  increased.  This  conclusion  was 
confirmed  by  the  present  investigation. 

Time  ccr.sidar-i.icKi*  did  sot  allow  w*  to  nake  actual  fcaaavaeasata  of  the  flow  rotational  velocity  downstream 
of  the  trailing -*dg«  in  parallel  with  tj$e  acoustic  teats,  but  a  simple  flow  visual! ratios  technique  (a 
photograph  of  the  track  of-  a  small  light  tethered  paper  tmt)  ves  used  to  'lemons tret*  the  presence  of  two 
coatra-rotatiag  vortices  in  the  vak*  sad  to  determine  the  approxtaete  location  of  the  vortex  centres. 

Fig  10  shows  the  traces  of  the  cone*  in  the  plane  of  the  iottdopee&e?  hod  microphone  traverse  and  it  can  be 
ssan  from  Shis  that  whilst  the  lesdiog-edgs  (prixury)  vertex  still  dostiaate*  the  flow,  the  trail  ing-edge 
(seeo ttdsry)  vortex  is  by  no  mstss  rtegligibl*  end  may  have  eome  effset.os  the  sound  rays.  Tills  possibility 
will  be  discussed  later  in  Section  4  where  the  experimental  result*  and  theoretical  predictions  arm 
compared. 

3  TSsSCS&riCAl,  HS*to 

In  this  section,  ray  theory  is  used  to  predict  the  effect  of  the  leading-edge  Vortex  o-n  tlsa  sound  intensity 
distribution,  The  flow  fitld  os’  a  Ifei^iig-adga  eeftax  eoesist*  of  m  inae?  viscous  cere,  an  outer  cere 
formed  by  a  r»ll*i-up  verts*  sheet  tad  as  outer  invi*ci£  flow.  IfeasureaentS  made  in  such  a  vortas  (8), 
ehcxn  in  Fig  It,  indicate  that  within  the  outer  core  region,  the  esisuiJjsl  velocity,  t§,  show*  only  small 
variation  with  radius  aad  that  the  disaster  ef  the  inner  viscous  eotfe  1*  less  than  ’OS  of  the  diaattsr  of 
the  outer  core.  This  suggest*  that  a  flow  model  with  Vg .*■  c&arfaat  (srr  Fig  12)  will  be  suitable  far 
calculatiiej  the  ray  paths,  except  for  ray*  which  yas*  very  close  to  the  centre  of  t ha  vertex.  Fw  such  a 
velocity  field,  the  ray  «gtcaUd»  given  in  Fig  1  say  be  integrated  exactly  to  yield  the  following  «*tr*#aion 
for  the  ray  path** 


8.4  tan-  L  (1) 

where  V  •  ^/c  is  the  pon-dlsaan* ions i  tiimutUal  velocity, 
c  »  the  velocity  of  sound, 
f-ri-V 
a  -  cosh”1  (  I  £  |  ), 
r,  6  are  defined  in  Fig  1 , 
and  A,  t  are  constants  for  a  particular  ray. 

A  is  given  in  !”wi  of  tho  initial  slope  of  the  ray  by 

A  “  ^  [ (1  - y2)  [ 1  ^ (1  ” 


and  X  is  determined  iron  the  condition  that  S  ■  0,  r  =>  1  at  the  source. 

Equation  (l }  is  valid  up  to  the  point  of  closest  approach  of  the  ray  to  the  vortox  centre.  After  this 
point,  the  path  is  the  mirror  image  of  that  before  the  turning-point. 

Bay  paths  given  by  equation  (l)  are  shown  in  Fig  i?.  for  V  -  0.05  over  the  region  r  <  1.  Begiom  of  ray 
focusing  and  divergence  are  clearly  indicated.  The  corresponding  sound  intensity  distributions  at-  r  »  1 
are  sh~vn  in  Fig  14  for  V  *  0.  01,  0.C.3  and  0.05.  the  sound  intensity  is  calculated  by  considering  ea 
initially  uniform  distribution  of  rays  and  cowpariiig  the  number  of  rays  which  arrive  in  a  given  augular 
segment  with  end  without  the  vortex  present. 

4  CaXFABXSOK  OP  EXPEBItfiSm  SESULIS  WIJH  mOESTICAL  ECfcL 

Some  experimental  sound-intensity  distributions  obtained  witi.  third-octave  bands  of  white  noise  centre  st 
12.5  k&t  and  3.15  kHz  are  show  in  Figs  15  and  1$  respectively.  The  source  position  was  23  on  dov5i*‘-'e*a 
of  the  trailing  edge,  end  the  measured  sound  levels  for  no  wind  and  at  each  of  the  three  test  wind  speads 
are  compared.  The  horizontal  scale  gives  tha  angular  position  of  the  microphone  ($)  relative  to  the  line 
from  the  source  through  the  estimated  primary  or  secondary  vortex  centre.  The  redlus  of  the  prim?"  y  region 
of  rotating  flow  is  approximately  13  cs  giving  aoc-diaeuional  wave  numbers,  ks,  of  about  9  and  35  at 
3.15  kHz  end  12,5  kHz  respectively. 

The  regions  of  increased  and  reduced  sound  intensity  can  be  seen  dearly,  being  particularly  aarktd  at  the 
highest  test  frequency  band  with  a  maximum  reduction  of  about  9  dS  and  a  maxi-^w  iaeraass  of  about  6  45. 

The  effect  of  the  flow  becomes  more  pronounced  cs  wind  speed  increases  (ie  greater  rotational  velocity  in 
the  vortex)  xn&  le»9  proeouaced  as  use  frequency  of  tho  sound  is  <5acr**sed  (i*  «*n  the  vaveleagth  of  the 
sound  approaches  the  length  scale  of  tht  flow-field).  3i  sites'  tread*  were  observed  in  the  results  obtained 
with  the  sound  source  50  cm  downatream  of  the  uiag  trailing  sdg*. 

Qualitatively  the  agreement  between  the  theoretical  (Fig  14)  and  experimental  result “•  (Fig*  IS  and  tty  is 
quite  good  insofar  e»  the  region.?  of  ejudmuo  dmesssas*  and  increase  a?  intensity  osve  to  the  left  as.  the 
azimuthal  velocity  Increases.  However,  tHsr*  vre  teste  diffiereace*  in  detail  and,  in  order  to  offer  scute 
possible  explanations  for  this,  the  data  of  Figs  14  and  15  will  be  discussed,  since  the  experimental  data 
at  the  higher  frequency  is  likely  to  be  mare  relevant  to  the  predictions  of  ray  theory. 

First  of  ell,  one  may  consider  the  possible  qualitative  effect?  of  the  secondary  vtr*iiicg~e<5e*)  vortex  cn 
the  sound  intensity  distributions  of  Fig  15.  Sated  on  the  theoretical  results  of  fig  14,  case  tay  assume 
tha?  over  the  region  of  reduced  s<xexJ  intensity,  the  pel  many  (iceding-edgs*)  worths  give*  the  susxsth  varia¬ 
tion  shown  by  the  dotted  curves  la  Fig  t$b  end  c.  the  secondary  vortex  i*  weaker  than  the  primary  fc-4,  as 
a  first  apyroilui  ion,  its  effect  vill  be  similar  to  that  of  a  (primary)  vertex  system  having  a  loses? 
arirut'sel  locity  (eueb.  as  Fig  15*).  Also,  since  the  eecwviary  vortex  rotate*  ia  the  opposite  tans*,  the 
rays  will  be  beat  towards  the  right  end  the  positions  of  the  regions  of  eesplifiestioo  sad  sttsauatien  will 
be  rowert-sd.  Qualitatively,  this  corrospcesis  very  well  with  Fig  15,  where  the  shaded  area  rsyreseuts  the 
*v«fftsted  effect  of  the  secondary  vortex.  A  comparison  of  Fig  15b  aad  c  show*  further  that  while  «i 
increwe  ia  V  is  diverting  Uia  pHm-S'y  pattern  to  the  left,  the  suggested  secoftdary  effect  S*  div-ertiag 
it#  pattern  to  the  right,  a  result  which  ie  consistent  with  the  precedisg-  argument. 

Altho^h  the  the^eticjsl  curve*  of  Pig  14  were  chosen  so  that  the  regions  of  increased  sed  decreased  sound 
intensity  would  coincide  apprc-xiitately  with  the  exparisHtntal  date  of  Fig  IS,  the  v alt*#  cl  V  in  Pig  14 
turn  out  to  be  lover  than  the  csrre&pottdiEg  value*  in  Fig  15.  Th*r»  as*  probably  two  reason*  for  this. 
First,  the  theoretical  model  df-e*  swt  r«prs**;it  the  experimental  situation  exsctly  ia  that  the  region  of 
constant  velocity  ie  estimated  to  be  r  S  0.3  ia  the  erserimmats  compared  with  r  <1.0  for  tfce  theoretical 
calculation.  The  ray  heeding  which  cause*  the  major  part  of  the  redistribution  cl  energy  is  fousd  to  take 
place  very  clot*  to  tha  centre  of  the  mortem,  e»4  the  outer  part  of  tbs  now  simply  ha*  the  effect  of 
divert!^;  this  pattern  further  to  the  left. 

Secondly,  the  t’slc  astwsptiea  of  ray  theory  is  that  the  »%®t  vstvolesigih  is  extremely  small.  This  implies 
that  with  sound  of  finite  w*v*l*sxrth  at  acoustic  frequAasciiit,  the  inter actlca  with  tbs  vertex  flow  will  not 
be  complete  saxi  consequently  the  rays  viU  be  veft-moted  Ire*  than  predicted  by  ray  tbaesy,  a  comparison 


of  Fig*  IS  and  16  hows  that  at  the  lower  frequency  of  3.15  kHz  (Fig  16),  the  redistribution  of  sound 
energy  is  less  marked  than  at  1?.5  kHz  (Fig  15),  although  the  size  of  the  vortex  region  (diameter  ■*  30  cm) 
is  of  course  unchanged.  Experiments  were  carried  out  at  frequencies  down  to  800  Hz,  but  it  was  found  that 
below  about  2  kHz  (wavelength  ■*15  ca)  the  vortex  was  having  very  little  effect,  the  difference  between 
the  Intensity  patterns  at  zero  and  raax.iaua  wind  speeds  being  less  than  1  da. 

In  conclusion,  a  brief  eosment  is  made  on  the  second  region  of  reduced  intensity  which  appears  on  the 
extra*  left  of  Pig  15a  and  b.  This  is  believed  to  be  an  interference  effect  caused  by  the  convergence 
of  rays  of  finite  wavelength  -  the  intensity  calculations  leading  to  Fig  14  did  not  take  the  phase  of  the 
converging  rays  into  account. 
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DISCUSSION 


Df  Dlttkekc&er:  I  would  like  to  mention  that  at  the  Max-Planck-Institut  fttr  Straraungsforschung  in  Gottingen 
extensive  theoretical  and  experimental  work  has  been  done  on  scattering  of  sound  by  vertices  and  turbulence. 
References  on  this  work  can  be  found  in  a  paper  by  D.W.Schmidt  and  P.Tilmann  in  the  Journal  of  the  Acoustical 
Society  of  America  (1970). 
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SUMMARY 

The  present  study  considers  three  problems  of  the  sound  power  and  power  spectrum 
produced  by  moving  acoustic  sources  shrouded  by  jet  flows.  The  jets  are  assumed  (for 
simplicity)  to  be  characterised  by  a  slug  flow  or  top  hat  type  mean  velocity  profiles. 

The  sources  are  simple  harmonic  in  their  own  frame  of  reference  and  are  assumed  to  con- 
vect  with  the  same  velocity  as  the  jet.  The  first  problen  considers  the  case  of  a  mono- 
pole  source  convectlng  along  the  axis  of  a  round  jet.  The  second  problem  considers  the 
case  of  eonvected  line  sources  in  a  plane  or  two-dimensional  jet.  This  is  motivated  by 
the  need  to  understand  tho  effect  of  off-axis  lines  of  convection.  The  last  problem  is 
a  variation  of;  the  first  wherein  the  jet  density  and  temperature  are  allowed  to  differ 
from  those  of  the  ambient.  It  is  motivated  by  the  need  to  understand  the  noise  from 
heated  jets. 

The  studies  are  all  motivated  by  one  notion,  namely,  that  Ligh thill's  original  idea 
of  ascribing  jet  noise  to  eonvected  sources  radiating  freely  to  the  ambient  needs  re¬ 
vision  to  allow  for  mean  flow  "shrouding"  effects.  The  studies  explain  several  experi¬ 
mentally  observed  features  of  jet  noise  such  as  the  failure  to  exhibit  convective  ampli¬ 
fication  (particularly  at  high  frequencies  and  shallow  angles  to  the  exhaust  axis)  and 
associated  failure  of  peak  frequencies  in  the  power  spectrum  to  shift  linearly  with  jet 
velocity.  Implication*  for  the  jet  density  exponent  issue  for  heated  jets  are  also  con¬ 
sidered.  The  study  may  be  regarded  as  moving  source  solutions  to  the  Phillips  equation 
for  jet  noise  with  a  specific  velocity  profile,  namely  the  top  hat  profile.  The  ad¬ 
vantage  of  choice  of  a  simple  velocity  profile  is  to  obtain  solutions  valid  for  arbitrary 
frequencies . 


1.  INTRODUCTION 

The  Lighthill  equation  for  aerodynamic  noise  for  an  iaviscid  gas,  in  the  absence  of 
mass,  force  or  energy  sources,  may  be  written  as: 


where  ■  p  Uj  +  (p  -  o*  p)«^ .  A  feature  of  (a)  worth  noting  is  that  if  we  write 
ui  "  ut  4  ^  where  U  is  uniform  and  steady,  then  we  may  show  rigorously  (using  the 
continuity  equation)  that  p  satisfies: 


<ve  *  u  h>‘  »  •  ■;  '*"  -  repiy  ‘V  <» 

where  Tj^  ®  p  uj  uj  ■>  (p  -  a*  The  simplicity  os  the  stationary  medium  wave  eperc- 

in  (a)  hrs  been  sacrificed  in  favor  of  the  converted  wave  operator  in  (b)  but  an 
advantage  has  been  gained  in  that  the  velocity  dependent  part  of  is  now  p  uj  uj. 

Siacs  the  uj  differ  fro*  u^  by  the  subtraction  out  of  a  steady  uniform  part  U  6^^  It  be¬ 
comes  plausible  that  the  approximation  of  (p  uj  uj)  by  (o0  uj  uj)  say  bo  valid  for  much 
higher  Mach  numbers  than  the  replacement  of  (p  Uj  up  by  (p0  Uj  up.  the  jot  noise 

problaa  is  complicated  fey  she  fact  that  U  itself  varies  (particularly  in  the  transverse 
direetiom)  hut  the  transformation  cf  {«)  into  (b)  does  serve  to  illustrate  ona  of  the 
motivation#  that  bat  led  Investigators,  most  notably  0.  «.  Phillips  (1),  to  describe  the 
aerodynamic  aeuad  generation  problem  in  term*  of  a  ccmvectsd  wave  equation  rather  than  a 
stsitioaary  medium  wave  equation.  For  exempie,  the  starting  point  of  (1)  is  equation 
(2.i)  of  jl}  wherein  a  eonvected  wave  equation  is  obtained  for  leg(p/pQ)  with  *  aourcc 
term  an  the  right  head  aide  involving  only  velocity  fluctuations. 

The  difficulty  with  the  ccnvactrd  wave  equation  of  tie  general  type  as  developed  by 
Phi.  11 ins  {11  i*  that  it  is  very  difficult  to  cfctela  general  toiuticas  to  it.  Studies 
with  the  Phillips  equation  es  starting  point  generally  employ  sn  asymptotic ,  high  fre¬ 
quency  tsaiysl*  thus  rendering  thm  t&slytis  west  suitable  for  high  velocity  jet*.  The 
pretest  aiady  is  motivated  by  the  seed  to  develop  solutions  per. Inapt  to  lower  frequencies 
(and  fccttce  lower  j*t  velocities).  For  such  lower  frequencies ,  it  seem*  permissible  to 
approximate  the  true  jet  velocity  profile  by  a  slug  fisw  or  top  fcmt  type  velocity  pro¬ 
file  jet. 

There  ere  two  aspect*  of  the  presence  of  >  s wen  flow  that  do  receive  explicit 


recognition  in  Lighthill's  work  [2],  One  is  the  recognition  that  transverse  gredients  of 
the  seen  flow  could  couple  with  gradients  of  the  fluctuating  flow  to  produce  "shear  noise". 
The  other,  wove  subtle  effect  of  the  flow  (in  view  of  the  largely  solenoidal  nature  of 
the  uJ)  is  that  the  noise  generation  process  is  best  ascribed  to  moving  sources.  It  may 
be  said  that  as  izq>ortant  as  Lighthill's  recognition  of  the  quadrupole  order  of  jet  noise 
was  his  recognition  that  the  sources  Bust  be  viewed  in  a  convected  frame  of  reference  in 
order  to  preserve  source  coapactness  and  in  order  not  to  artificially  inflate  the  tine 
rate  of  change  of  the  turbulence  (a  frozen,  subsonically  convected  pattern  of  turbulence 
radiates  no  sound).  Peculiarly  however  this  very  insistence  on  use  of  convected  sources 
led  to  a  najor  difficulty  of  the  theory  because  the  effect  of  notion  on  the  acoustic  out¬ 
put  of  a  source  is  to  enhance  its  output,  an  effect  described  as  "convective  amplifi- 
cation".  This  led  to  a  prediction  that  jet  noise  power  could  exhibit  a  higher  than  an 
eighth  power  dependence  on  jet  exhaust  velocity,  a  result  never  observed  experimentally. 

Jet  noise  data  show  a  very  good  eighth  power  dependence  over  a  wide  velocity  range  upto 
jet  exit  Mach  nuabers  of  2. 

Three  good  explanations  have  been  giyen  for  the  tenacity  of  the  observed  eighth 
poweT  dependence.  First  (as  proposed  by  Lighthill  hiaself)  it  is  experimentally  ob¬ 
served  that  turbulence  intensity  (RMS  turbulence  level  *  jet  aeon  velocity)  drops  off 
somewhat  as  jet  exit  Mach  numbers  are  raised.  Second  the  finite  eddy  life  time  cor¬ 
rection  to  Lighthill's  moving  source  solutions  of  Ffowcs  Williams  and  Ribner  [3,  4]  tends 
to  reduce  the  radiative  efficiency  of  the  quadrupoles  at  higher  jet  velocities  (and 
associated  higher  frequencies) .  Finally  as  pointed  out  by  Ribner  [S] ,  Powell  [8]  and 
Csanady  [7]  the  fact  that  the  moving  quadrupoles  are  embedded  in  fast  moving  fluid  (with 
respect  to  which  they  are  not  moving  at  all)  indicates  that  only  limited  convective 
amplification  will  occur  -  in  fact  at  very  high  frequencies  no  convective  amplification 
will  occur. 

Recent  experimental  evidence  suggests  that  tie  last  explanation  is  probably  the  most 
pertinent  one.  The  reduction  of  turbulence  intensity  with  increasing  jet  speed  is  experi¬ 
mentally  found  to  be  too  small  to  affectively  counterbalance  the  theoretically  predicted 
convective  amplification.  Measurements  by  Davies,  Fisher  and  Barratt  [81  have  shown  that 
the  finite  eddy  life  time  correcticn  of  Ribner  and  Ffowcs  Williams  cannot  be  significant 
for  subsonic  jet  Mach  numbers.  Most  importantly,  recent  careful  jet  noise  experiments  by 
Lush  [6]  lond  strong  support  to  the  third  explanation.  Lush  analyzed  jet  noise  spectra 
at  various  angular  positions  in  terms  of  a  source  frequency  parameter  (which  corrects  out 
the  Doppler  shift  effect) «  He  found  that  for  off  axis  locations  and  for  low  enough  values 
of  the  source  frequency  parameter,  the  predicted  convective  amplification  does  indeed 
occur.  It  is  at  shallow  angles  to  the  jet  axis  and  for  high  values  cf  the  source  fre¬ 
quency  parameter  that  the  convective  amplification  fails  to  occur.  Such  a  detailed 
picture  of  jet  noiso  can  be  shown  to  bo  fully  compatible  with  the  idea  that  the  shrouding 
of  a  moving  source  by  fast  moving  fluid  inhibits  convective  amplification. 

Three  model  problems,  all  involving  the  calculation  of  total  power  emitted  by  a 
moropole  source  contacting  along  the  axis  «f  a  slug  flow  jet  are  outlined  in  this  study. 

The  source  fluctuates  in  its  own  frame  of  reference  at  a  source  frequency  u  . 


2.  FIRST  MODEL  PROBLEM  (Figure  1) 

Consider  the  problem  of  determining  the  sound  field  due  to  a  fluctuating  aonopole 
point  source  translating  at  a  uoifore  subsonic  velocity  Kc  (where  H  «  1,  M  being  the 
Wseh  number  and  c  is  the  speed  of  sound).  The  source  translates  along  the  axis  of  e 
found,  jet  whose  valocity  profile  we  assume  to  be  a  slug  flow  velocity  profile.  Also, 
the  jet  velocity  taken  equal  to  that  of  the  Jouree.  The  problem  is  iilustnseed  in 
Figure  1.  The  uonopole  source  is  assumed  te  have  *  time  dependence  in  its  own  frame  of 
reference  of  qQ  cos  («0t)  •  The  tiean  jot  density  and  temperature  are  assumed  to  be  the 

same  as  that  of  the  esbiaat. 

Ansiyticaily ,  we  wish  to  determine  an  acoustic  velocity  potential  4  which  satisfies 
in  region  I  (outside  the  jet) 


9‘*  -  ~r  nt "  3 

sad  in  region  U  (within  the  jet) 

(1  -  -  11  CCfs(«at)dC*  -  *ct>dCr)*{*>.  if* 

where  vj  stands  for  the  Uplsc#  operator  in  tha  y  -  *  plane.  At  the  jet  still-air  inter¬ 
face,  i.e,,  at  r  «  is,  we  require  (a)  continuity  of  pressure,  p,  -hare 

P  «  ia  regi oft  I,  (SJ 

and 

p  *  -0o(St  4  ’  ia  r*S>loB 
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and  (b)  continuity  of  radial  acoustic  particle  displacement,  say  n»  where 


and 


in  region  I , 


(5) 


4r  •*  nt  ♦  Mcnx,  in  region  II.  (6) 

An  elegant  procedure  of  solution  suited  to  the  above  problem  has  been  given  b;*  Morse  and 
Ingard  [10]  and  we  follow  closely  their  method  of  solution. 

Let  p,  etc.,  denote  the  Fourier  transforms  with  respect  to  time  of  the  corresponding 
physical  quantities.  Thus 


U 

$  *  ^  j  $  e^wk  dt 


and 

<* 

♦  -  j  J  e'^wt  d«). 


j  »  /T 


(7) 


Also,  we  write  cos(oj0t)  -  |[exp(3M0t)  ♦  erp(-jM0t)]. 

•  0, 

,  ,  ..  -  *_«(?)«(*) 

Cl  -  Kl)3xx  ♦  -  IW*X  *  -  ~£^'5pT?~ 


3(k  -  v  )x 


*  [®xp( - p—  - — )  ♦  exp  ( 


3Ck  *  kjx 


-)], 


The  problem  for  the  transforms  is 
in  region  1,  (1') 

in  region  II;  C2’) 


/-*> 

0 

Q. 

3 

in 

region 

1, 

(31) 

-P0(-j<*>4  ♦  Mc4x), 

in 

region 

II; 

(4*) 

-jm  , 

in 

region 

I, 

C5‘) 

-3^4  ♦  Mcns  , 

in 

region 

11. 

(6*) 

Let  4  «  I  *  f'  and  similarly  for  p  and  n  where  i  corresponds  to  the  solution  with  the 
tori.  expijCfc  -  k  )x/M)  in  equation  U‘)  sod  to  the  tern  involving  exptj(k  ♦  k  )x/M). 
Kote  that  k  -  b/e,  kQ  -  «c/c,  etc. 

Consider  in  detail  the  problem  for  |  .  Intuitively,  it  is  clear  that  I  ,  p  ,  n  all 
have  an  x-4epeader.ee  of  the  type  esp{j(fc  -  k  )x/M}.  ’Factoring"  this  dependence  out,  one 
ia  left  with  the  following  problem  m  the  y  *  e  plane: 

V*£+  *  k*sr  **  0,  in  region  I;  (3) 


q,3(y)4(i) 

C  4  +  K  - r, - -  ■ 

8f  T  4*0" rtc 


in  region  II; 


where 


*  C^r^H(t-ri?  “  kH*  *  rT^EJ} 

and  is  >_  0  only  if  k*  >  k  ^  where  k^  *  k0/l  -  H  and  «  k^/1  ♦  M. 


^  -  y  t(«;  -  km  - 


C9) 

U0) 


(u) 


M1  * 


«). 


•  k„ 


where 


-  «>. 
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Also,  let 


£+s  -  '***  ■  j“r  U*  ‘  <)(k  -  k'q)). 


Note  that 


It*  >  k*  >  k„  >  k'  >  k„. 
o—  o—  o—  o—  o 


The  fact  that  k*1  >  0  only  if  k*  >  k  >  k*  expresses  .ho  result  that  in  the  far  field  the 


$+(r  “  «*)  ■  j2-  ?+(r  -  a*) 
$r(r  "  a+)  ”  j-  lytr  ■  a') 


(pressure  Batching  conditions), 


(transverse  particle  displacenc  it 
matching  condition). 


To  so.,ve  equations  i8) ,  (9),  (10),  and  (11)  in  the  range  k  <  k  <  k  and. with  restriction 
to  outgoing  waves  at  infinity,  in  the  range  k*  <  k  <  we°assuae,  lor  $  in  regions  I 
and  II,  o  -  -  o 

in  I:  $+  -  Aj  H^1}(k+r)exp  — - (IS) 


♦*  B  tAu 


j(k  -  k0)x 


and  if  k  <  k  <  k„ 
o  —  o 


in  region  II, 


♦  *  +  I*  r> 

i  -  {A.t  I  (tc*r)  -  -i-Jg..---—] 
1  II  os-  8»*p0Hc  J 


j(k  -  ko)x 


(The  for*  for  in  region  I  is  independent  of  whether  i  ^  or  k  <  «*.) 

Note  that  the  change  of  sian  k*1  depending  on  whether  k  t(k  (1  -  M) ,  k  (1  -  M)]  is 
associated  with  the  fact  that  if  the  Jet  in  the  present  probles  cere  of  infinite  radius 
(i.e.,  tho  noving  fluid  occupied  all  space)  the  Doppler  shifted  frequencies  would  range 
ovor  to  (1  -  H)  to  «  (1  >  M) .  In  other  words,  as  is'well  known,  there  is  a  differ sacs  in 
the  Doppler  shift  frequencies  depending  on  whether  the  observer  moves  towards  a  source  or 
whether  tho  source  moves  towards  the  observe*.  This  difference  will  be  seen  latter  to 
play  a  key  rolo  in  suppressing  coaver.ti.ve  aupiificatioa  at  hi^h  frequencies. 

Equations  (IS)  and  (le)  or  (15)  and  (I?)  *my  now  be  readily  solved  for  A*  and  Att 
by  using  the  Batching  conditions  (U)  and  (14).  Since  we  are  interested  in  fftv  field 
pressures  far  outside  the  jet,  ve  only  give  tno  rasult  for  A|: 

(a)  if  kQ  <  3s  <  *.*, 

♦  %k  V*tY0(r*a)Jt(w*a)  -  Yj(w%)J0 («:%)) 

Aj  ‘ 

(b)  if  k*  <  k  <  k* , 

a)  ♦ 

1  STiP0Viki^!i^s>4^  tSE'**V'  ♦  k*k*I0(«c* (k*a}T 

Equation  (18)  essentially  coar^etes  tho  formal  soiutics  to  the  prable*.  The  far  field 
pressure  and  the  radial  acoustic  velocity  asty  be  computed  by  using  £i  «  it;?,,?  end  $  .  In 
this  probles,  every  point  on  a  cylindrical  surface  concentric  with  the  jet1 experiences 
the-  sase  pressure  tia*  History.  Morse  «mri  Itigavd  (10)'  have  discussed  thoroughly  the 
proble*  of  detsruiaing  the  power  spectrum  end  fetal  paver  radiated  by  the  source  and 
their  concluding  Te&alt  is  that  t-Y«  pov'tr  spectral  deusity  oxtend*  over  a  frequency  raaso 
(iao/{i  ♦»)]<«<  ta6/(l  -  *4)3  a fed  is  givan  by 

(16»p  Nco3(a:J*  -  I(w). 


(19) 


The  total  power  is  given  by 


aA1  -  M> 


I(cu)du). 


w0/(l  ♦  M) 


Actually  Morse  and  Ingard  [10]  consider  the  case  of  a  nonopole  point  source  convecfinc 
at  Me  in  free  space,  for  which  case 


.♦  .  -K 

AI  "  IBirppHc 


and  hence 


‘w  "  TSfpur 

and  the  total  power  is 


rrir  -  a  i 


“  8irp0(l  -  M*)*c  *  (25) 

Thus,  in  the  case  of  a  coavected  monopole,  the  convective  amplification  is  as  (1  -  M*)'a. 

If  we  take  the  Unit  as  k  a  +  0  of  equation  (18) ,  we  find  that  A*  tends  to  (indepen¬ 
dent  of  whether  k  >  or  k  <  1 

o  o' 


so  that 


a+  „  'iV 
AI  +  TSip^Hcu^ 


1(0)3  "  *  for  rrrr  i  “  £  T-rn  * 


q*«*(l  ♦  M*) 

P  "  8p0cw(l  -  Mr)T  ’  (263 

In  the  general  case,  At,  I(w)  and  P  are  given  by  equations  (18a),  (13b),  (19)  and  (20), 
and  specific  results  will  be  discussed  in  the  following. 

The  total  power  emitted  by  such  a  source  nondiEonsionalised  by  [q*uJ/8wp  (1  -  M*)*c] 
and  expressed  in  dB  is  plotted  as  a  function  of  (kQa)  and  M  in  Figure  §.°  0 

Shown  by  single  points  on  the  extreae  right  in  Figure  2  are  points  given  by  20  log,„ 
(1  -  Ms),  being  the  correction  if  there  were  no  convective  anplification  at  all  corre-  10 
spending  to  Csanady’s  suggestion  (7J,  The  portions  of  the  curves  corresponding  to  cor¬ 
rections  »  0  dB  indicate  underestimates  of  convective  amplification  as  estimated  froa  a 
freely  moving  source  sodel  and  conversely . 

Clearly,  such  curves  confirm  the  frequency  dependent  nature  of  convective  amplifi¬ 
cation.  The  curves  flatten  as  we  move  to  the  right  and  if  we  identify  the  uoint  on  each 
curve  (for  the  different  Hach  numbers)  et  which  the  correction  is  within  a  decibel  of  the 
liait  as  (k  a)  *  «,  one  deduces  that  beyond  a  Source  Strouhal  nusber  [l2f  a)/Hcj  of  0.5 
there  would  be  no  significant  conrectlvs  amplification.  Figure  15  of  hush's  paper  [81 
indicates  lack  of  convective  amplification  beyond  [2f  a/Mc]  of  about  0.5. 


Finally,  we  consider  the  implications  with  rogard  to  Strouhal  scaling  of  the  results 
shown  in  Figure  2.  As  a  start  ins  point,  in  Figure  5  w*  show  under  the  curve  labelled 
M  •  0.5,  one-third  octave  intensities  obtained  by  Lush  [9]  in  Figure  8  of  his  paper -for 
&  Jot.  Mach  number  of  0,37  at  90*.  This  curve  is  chosen  as  o  bass  line  because  at  that 
low  Mach  number  of  P.57  and  location  (90*  to  Jet  axis)  we  expect  little  convective 
amplification  affects.  The  abcissae  are  shown  in  Strouhal  numbers,  St  •  (2fa/fc:),  s..id 
the  ordinates  are  only  relative  decibel  levels. 

A a  intensity  spectrun  at  90*  was  chosen  because,  in  addition  to  lack  of  convective 
amplification  efforts,  the  90*  location  also  provides  a  very  good  sad  clean  measure  of 
the  intrinsic  strength  of  ihs  sources  (their  frequency  distribution).  This  is  because 
that  location  is  largely  characterised  by  "seif  raise”.  A  basic  asiosstion  of  the  process 
used  in  deriving  riguro  4  is  that  the  frequency  distribution  of  th«  "intrinsic  source 
strengths"  does  follow  Strouhal  seeing  with  respect  to  velocity.  This  is,  of  course, 
excellently  borne  -ut  by  Figure  8  of  reference  [9]  where  Lush  shows  that,  at  th*  SO* 
location,  Strouhal  scaling  with  reanect  to  velocity  was  obtained.  The  basic  atguseat  of 
what  follows  is  to  point  out  that  the  radiative  efficiency  of  the  sovrees  is.  i, equ«n<y 


dependent  and,  being  higher  for  the  low  frequencies  than  for  the  high  frequencies,  causes 
peak  frequencies  of  the  sound  power  spectruo  to  scale  with  velocity  much  slower  than  a 
first  power  (as  is  assumed. in  conventional  Strouhal  scaling).  The  particular  low  Kach 
uunbar  datum  used  to  establish  this  result  (taken  in  this  case  as  the  90°  intensity 
spectrum  of  Lush  [£>])  is  not  the  main  issue  of  this  paper:  a  different  datura  would  lead 
to  the  same  qualitative  conclusions.  Ideally,  perhaps,  one  would  have  to  work  out 
separately  the  "shear  noise"  and  "self  noise"  portions  of  the  power  spectra. 

The  spreading  of  the  source  frequency  due  *o  the  Doppler  shift  makes  it  a  little 
difficult  to  apply  Figure  2  directly.  However,  it  can  be  shown  that  the  Doppler  spreading 
will  be  narrower  than  conventional  moving  source  results  would  indicate  [11] .  Further, 
if  we  are  interested  in  the  sound  power  spectrum,  it  seems  reasonable  to  apply  Figure  2 
to  Figure  3  as  follows.  For  each  Strouhal  number  St  and  Mach  number  M,  determine  a  source 
frequency  parameter  k  a  ■  St  ■  irM  and  then  determine  the  decibel  correction  from  Figure  2. 
Starting  with  the  curve  labelled  M  ■  0.3,  such  a  frequency  dependent  correction  procedure 
was  applied  to  derive  the  curve  labelled  M  •>  0.5,  M  -  0.7  and  M  -  0.5  from  the  curve 

labelled  M  -  0.3.  As  expected,  one  obsorves  a  shift  back  of  the  peak  frequency  (in  terms 

of  the  Strouhal  numbers)  at  which  the  sound  power  spectrum  peaks.  The  spectra  are  pretty 
flat  as  is  typical  of  jet  noise  but  an  attempt  was  made  to  estimato  the  peak  Strouhal 
number  as  c  function  of  jet  Mach  number  and  the  results  are  shown  in  Figure  4,  Undoubt¬ 
edly  by  a  purely  fortuitous  coincidence,  the  curve  in  Figure  5  is  fitted  very  well  by  a 
relation  of  the  type  (St)  »  (0.2i)/M.  Since  the  Strouhal  number  itself  is  given  by 
(f  D/V) ,  Figure  S  suggests  that  the  peak  frequency  in  the  sound  power  spectrum  is  in¬ 
dependent  of  jet  velocity  being  given  (in  the  case  of  Figure  5)  by  [f0.21)c/D].  Such  a 

tendency  for  the  peak  frequency  to  be  independent  of  jet  velocity  has  been  noticed  in 
several  experiments . 

The  suggestion  that  emerges  therefore  is  that  the  tenacious  adherence  of  the  total 
power  to  an  eighth  power  law  as  well  as  the  tendency  of  peak  frequency  of  the  power 
spectrum  to  be  relatively  insensitive  to  jet  velocity  are  both  manifestations  of  the  same 
result  indicated  by  Figure  2,  namely  the  inhibition  of  convective  amplification  with  in¬ 
creasing  frequency  and  jet  velocity. 


3.  SECOND  MODBL  PROBLEM  (Figure  !>) 

In  this  case  we  study  the  acoustic  output  of  a  line  acoustic  sour-,.  convecting  at 
jet  velocity  in  a  plane  slug  flow  jet.  The  problem  is  two-dimensional  and  this  enables 
us  to  allow  the  lino  source  to  convect  along  a  line  displaced  from  the  jet  centerline  by 
cn  amount  oh.  First  of  all  we  should  note  that  the  convection  amplification  factor  for  a 
freely  moving  lino  velocity  source  is  (1  -  m*) **' * .  Thus  all  the  convection  amplification 
factors  shown  in  Figure  6  are  in  decibels  with  respect  to  (1  - 

The  convention  amplification  factor  now  depends  on  M,  k  k  and  a.  The  interest  in 
case  of  Figure  6  is  really  in  how  the  results  vary  with  a  in°tho  range  of  0  <  o  <  1.  It 
is  seen  froa>  Figure  6  that  over  a  range  of  (k  h)  extending  from  Q.01  to  1.0  and  Mach 
numbers  ranging  from  0.5  to  0.9  the  convection  sseplificatlon  factors  are  relatively  in¬ 
sensitive  to  o.  There  is  a  slight  variation  (of  order  1  d3  or  so)  at  tho  highest  value 
of  (k JO  but  basically  wo  may  interpret  Figure  6  as  indicating  that  the  precise  location 
of  the  line  of  source  convection  is  unimportant.  The  nhysicaJ  explanation  for  this  re¬ 
sult  appears  to  be  that  fey  aad  large  what  determines  the  convective  amplification  is  tho 
total  extent  of  "shrouding"  to  which  tho  moving  source  is  exposed.  This  "total  extent" 
is  not  different  for  asymmetric  a*  contrasted  to  symmetric  convection. 

This  model  protean  lends  confidence  to  the  notici  that  we  a-y  continue  to  use  center- 
line  source  convection  for  the  round  jet  problem  at  least  as  far  as  power  estimates  are 
concernad.  it  is  hordly  necessary  to  point  out  chat  using  noncenterlino  source  con¬ 
vection  in  the  round  jet  problem  would  create  considerable  analytical  complications  owing 
to  the  ensuing  Irsk  of  axial  symmetry. 


4.  THIRD  MODEL  PROBLEM  (t'igur*  7) 

This  nodal  problem  is  slsiiar  to  that  of  Figure  1  with  the  difference  that  now  the 
jet  density  asd  speed  of  sound  .  and  c,  are  difierra t  from  that  of  the  ftsblenl  p  and  c  . 
However,  we  impose  the  cosdi tiora* that  p*e*  <=■  p.c!  w  ensure  that  the  static  pressure  in-0 
side  the  jet  is  the  asm*  a*  that  of  the°asbi#st  fthis  assumes  thst  tho  specific  hast  ratio 
of  tfca  Jet  fluid  is  the  nsm*  that  of  the  safeiant) ,  The  mbthawaticsl  formulation  is 
similar  to  that  for  ths  first  problem  except  that  wo  have  to  constantly  account  for  the 
diffarosces  in  wean  density  Slid  Speed  of  found  inside  mad  outside  the  jet.  Fh*  d^cails 
are  too  laborious  to  outline  next  and  we  confine  ourselves  to  a  discussion  of  the  results. 

As  before  we  compute  ta#  nondi  mens  local  power  P’  »  P»  *  (’  -  M*)*]  uhere 

now  M  «  V./e  ,  Tho  principal  types  of  calculations  psrfcraed^with  tils  «odel°ar* 
illustrated  iS  Figures  S  -  10.  We  first  fix  s  value  of  jet  velocity  *  V,/e  .  (U 
Figures  8,  9  *sa  IS,  three  values  of  U  •  0.5,  0.7  and  6.9  ere  shswa.)  ssw°slso  fixing 
the  value  of  the  frequency  parameter  (ex)  we  cospute  the  variation  of  The  noRdiaeasjoaal 
power  with  (p./o  }  vhers  (pt/e n)  is  *1 lowed  to  vary  frcai  0.3  to  1.0.  Sew  this  variation 
of  the  pover  with  (p./p  )  Is  next  fitted  by  a  relations  of  type  power  -  (o./o  )"  „  The  n’ 
is  determined  by  fittia*  the  best  straight  Use  on  r  leg-lsg  plot  of  ?•  vtrstb  (p./d0) . 

The  fitting  is  doce  by  e  least  squares  method.  1  0 


The  purpose  of  the  above  exercise  is  probably  clear  to  she  reader.  We  are  trying  to 
address  ourselves  to  the  so-called  jet  density  exponent  issue  for  the  noise  of  heated 
jets.  This  is  the  question  of  how  the  acoustic  power  of  a  jet  aay  be  expected  to  vary 
with  changing  jet  density  at  fixed  jet  velocity.  Having  derived  n'  from  the  calculations 
of-  P'  as  a  function  of  (Pi/p0)»  we  note  that  since  q  itself  varies  as  p.  (whether  one 
uses  the  quadrupole  or  simple  source  approach  to  jet°noise)  the  true  variation  of  the 
power  with  (p^/pQ)  will  bo  as  (Pj/Pq)11  where  n  «  n'  *  2. 

In  Figures  8-10,  plots  of  n  as  a  function  of  [k  a/xM  ]  are  shown  for  M  ■  0.S,  0.7 
and  0.9.  The  Lighthill  theory  of  jet  noise  [?,]  considers  sources  radiating  freely  into 
the  ambient  and  hence  picks  up  only  the  effect  on  power  due  to  the  effect  of  density  on 
q  .  Thus  [2]  would  predict  n  *  2  independent  of  jet  velocity  or  frequency.  The  present 
results  are  uore  complicated  showing  n  to  be  a  function  of  jet  velocity  and  frequency. 
(Note  that  (kQa/ffM0)  way  be  tensed  a  source  Strouhel  number  since  it  is  [u>0(2a)/2ir  Vj],) 

These  results  are  in  fact  in  rough  agreement  with  what  is  probably  the  best  published 
axperisental  data  on  this  subject,  namely  the  work  in  [12].  To  show  this  we  have  shown 
in  Figures  11  and  12  some  such  comparisons.  Those  figures  are  taken  from  [12]  with 
points  superposed  from  present  work.  In  Figure  11,  we  show  the  empirically  determined 
exponent  n  for  the  total  power  of  a  heated  jet  as  a  function  of  M  -  Vj/c  hy  the  SNECMA- 
NGTE  study  of  [12].  To  compare  these  results  with  those  of  the  present  study  it  is 
necessary  to  estimate  a  source  Strouhal  number.  Based  on  the  jet  noise  of  low  Mach  num¬ 
ber  jets  (where  Doppler  shift  effects  should  be  negligible)  the  dominant  source  Strouhal 
numbers  may  be  estimated  to  lie  between  0.1  and  0.6.  The  experimentally  determined 
exponents  foT  source  Strouhal  numbers  of  0.3  and  0.6  ave  shown  for  M  -  0.5,  0,6,  0.7, 

0.8,  0,9  and  0.95  are  shown  in  Figut'e  11  and  are  seen  to  bracket  the°SNECMA-NGTE  data 
quite  well  except  for  the  case  of  M  ■  0.5.  A  feature  of  the  present  theory  is  that  it 
turns  out  that  (taking  the  limit  «8wk  a  ♦  0)  at  very  low  velocities,  the  exponent  n  is 
predicted  to  go  to  tero  (i.e.  no  influence  of  jet  density  on  jet  noise  power  at  fixed  jet 
exit  velocity).  Several  possible  explanations  for  such  discrepancies  at  the  low  velocity 
end  suggest  themselves.  One  is  that  experimentally  it  in  most  difficult  to  determine 
such  exponents  at  tl.e  low  velocity  end  since  internal  sources  due  to  combustion  could 
influence  the  jet  noise  measurement  (it  can  be  shown  that  such  an  effect  will  explain 
experimentally  observed  indices  lesser  than  that  predicted  by  a  calculation  procedure 
which  considers  only  the  jet  noise).  Secondly  the  present  calculations  do  need  extension 
to  other  order  sultipoles. 

Figure  12  is  siuply  taken  out  of  [12]  and  shows  that  at  a  given  jet  exit  velocity 
(subsonic)  the  effect  of  heating  is  to  raise  the  low  frequency  portion  of  the  power 
spectrum  but  to  depress  the  high  frequency  erd.  This  is  in  accord  with  Figures  6  -  10 
where  as  marked,  n  >  0  corresponds  to  portions  of  the  spectrum  that  will  be  lowered  by 
heating  the  jet  and  vice  versa. 

Ia  summary,  ell  three  modal  problems  have  been  pursued  with  the  notion  that  there 
may  be  purely  acoustical  explanations  for  several  features  of  jet  noise  such  as  those  of 
Stroubfcl  scaling  and  the  jet  density  exponent  issue  provided  that  we  recognise  that  the 
sources  do  not  radiate  freely  to  the  ambient  but  are  subject  to  a  shrouding  or  enveloping 
effect  of  their  immediate  ambient  which  is  the  mean  jet  flow. 

This  research  has  been  partially  supported  under  contract  with  the  U,S.  Air  Force. 
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FIGURE  1.  First  Model  Proble*. 
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SUWA8Y 

A  theoretical  model  Is  proposed  for  the  prediction  of  the  characteristics  of  broadband  shock  associated 
noise  from  jets  operated  abova  five  critical  pressure  ratio.  The  model  regards  each  shock  cell  end  as  a 
source  of  acoustic  radiation  with  relative  phasing  set  by  the  time  of  eddy  convection  between  them.  This 
leads  to  a  prediction  for  the  peak  frequency  of  this  noise  component  as  a  function  of  both  pressure  ratio 
and  angle  of  observation  which  is  amply  confirmed  by  experimental  results. 

The  amlel  is  also  extended  to  the  prediction  of  the  spectrum  of  shock  associated  noise  and  these  predictions 
are  also  compared  with  experimental  data. 

It  is  also  shown  that  the  Intensity  of  shock  noise  is  a  function  only  of  pressure  ratio,  and  is  independent 
of  jet  stagnation  temperature  and  hence  jet  efflux  velocity. 


1.  INTRODUCTION 

The  shock  wavas  in  an  '.acerrectly  expanded  supersonic  jet  will  interact  with  the  jet  turbulence 
to  produce  a  source  of  noise  in  addition  to  that  uue  to  the  turbulent  mixing.  This  source  has  two  com¬ 
ponents,  one  of  which  consists  of  discrete  tones  harmonically  related,  often  termed  screech  and  the  other 
more  broadband  but  strongly  peaked,  often  termed  shock  associated  noise.  The  former,  which  involves  an 
acoustic  feedback  from  the  source  region  to  tee  nottle,  was  studied  in  sosb  detail  by  Powell  [l],  but  the 
latter,  which  Is  essentially  free  the  same  source  but  without  the  acoustic  feedback  is  very  poorly  documen¬ 
ted.  This  sore  broadband  component  has  been  studied  extensively  at  the  ISVR  in  recent  years.  The  study 
has  comprised  few  separate  but  coeplssrentary  facets,  namely  using  an  optical  method,  the  crossed  beam 
schliwren  teenniqus  [cl.  to  probe  the  nature  of  flow  field  near  the  shocks  and  also  obtaining  a  comprehen¬ 
sive  sat  of  measurements  of  the  sound  field. 

The  majority  of  im  sound  Beasuremants  sere  obtained  in  the  Institute's  anechoic  chamber  using  a 
2S  sea  dta.  convergent  notxl®  with  sir  at  anient  temperature.  A  specially  designed  silencer  with  sett¬ 
ling  ehas&er  was  used  to  eliminate  air  supply  noise  and  provide  a  uniform  exit  flow. 

The  influence  of  shock  associated  ssoise  on  the  variation  of  noise  levels  with  Jet  efflux  velocity 
is  shnwn  in  Figure  1.  It  can  ha  se*K-  that  at  an  angle  of  observation  of  0  *  ^  to  the  jet  axis  no 
significant  charge  m  the  general  dependency  observed  at  sub-critical  pressure  ratios,  occurs  when  the 
RQStte  chokes  <i.e. ,  H,  >  1).  fey  contrast  at  0  =  $3®  and  143°  an  extremely  rapid- incase  of  noise 
levels  Oiisuss  once  shotix  waves  appear  !a  the  flow  field,  Furthermore  over  this  rsnp  of  angles  the  noise 
field  boesaas  progressively  lass  directional  a$  tee  pressure  ratio  is  increased.  It  is  to  be  emphasised 
however  test  the  sesalfcs  presented  hero  are  for  an  unhagted  jet  flow.  For  high  stagnation  fesspmstyre 
jetc  these  charges  «r«  far  less  drawatic  than  observed  .Hate  due,  as  wm  shall  sb>*  below,  to  tite  increased 
OMteihutlsa  of  nixing  noise,  dn  tea  other  hand  it  is  to  bo  asgihasised  that  tee  levels  presented  in 
Figure  1  ere  not  due  vo  a  significant  contribution  f tea  the  discrete  tone*  0-  scre&ch  ss  a  result  of  the 
precautions  outlined  below. 

In  the  »arly  stages  0*  this  work  t&ss  difficulties  were  experienced  as  a  result  of  thaw  discrete 
tones  particularly  In  tee  optical  aeasgroKeals,  It  m  found,  for  example ,  teat  with  a  nomsl  soisle 
configuration  terse  fames  wr«  BSifStailonary,  their  amplitude  varying,  on  a-tsnsims,  by  a  factor  of  five 
while  tfte  jet  was  being  operated  it  ostensibly  COO? fete i  condl  Uens.  Subsequently  it  was  found  teat  nr. 
acoustic  reflector  (a  cet$i  plat*}  surrounding  tee  npssle  in  tee  noaxle  exit  glass  eliminated  this  nen- 
statkmarity.  However,  it  also  hsd  tee  pngsateS  effect  of  asking  the  screed)  tones  very  decsinsrt-  They 
were  .much  reduced,  iauevar,  and  respited  stationary  when  the  piste  ;  .v,  covered  with  aa  appropriate  layer 
of  acoustic  tom.  Addition  of  *  Mil  an  tee  msttld  tfj>  was-  syfesequestly  faund  sufficient  to 

eliminate  the  screech.  This  coafigurstlea  mi  ployed  tMtefare.  for  te*  -aa^sHty  of  our  experimental 
prograa  except  for  seise  ssmiirsssstts  If-  tft*  Hpstre&u  ere  fb  >  V&3)  s*fs?¥e  the  lesser  but  still  effective 
expedient  of  covert a$  seta!  surfaces  close  to  ««i*  &stt  site  acoustic  ffcsa  ws  employe*.  These 
difficulties  te  hsrjvsr  M$Might  tee  very  reel  prebUsss  sa&tHui  vite  a  definitive  study  of  broadband 
shock  associated  not**,  first  it  is  tesvitebiy  xscoapkniod  by  seats  degree  -of  wising  noise,  while  the 
presence  of  screech,  if  it  is  gereUted  to  persist,  can  introdticc  *v*a  further  uncertainties  into  the 
aessured  trends  and  dej») tdeecfas. 


Z.  r#K5£§r££  OF  OVfR&li  LSVELS 

A  more  inf  creative  Denser  of  presenting  ttes  date  of  Figure  1  for^pressure  reties  above  the  critical 
value  Is  sha&'fu  Figure  2.  Here  the  overall  teems  pressosu  level  at  SO9',  spprupriately  normalised  for 
noiils  disaster  and  distance  of  observation,  Is  plotted  against  the  pirsswtsr  s  where 


snd  M,  1j  the  fully  expanded  local  jet  Kach  number,  a  function  of  the  pressure  ratio  only.  It  can  be 
seen  that  apart  fror,  the  smaller  0  values  the  measured  levels  are  directly  proportional  to  the  fourth 

power  of  0.  Also  shown  Is  an  estimate  for  tne  mixing  noise  based  on  an  extrapolation  of  the  lower  speed 

data  shown  In  Figure  1.  it  can  be  seen  tfcat  as  this  Estimated  mixing  noise'  contribution  falls  progres¬ 
sively  below  the  measured  levels  so  the  @  law  Is  mare. accurately  obeyed.  This  suggests  therefore  that 

the  broadband  shock  associat'd  noise  Itself  follows  a  0  law,  but  that  at  the  lower  0  values  the  total 
noise  follows  a  rather  slower  dependence  due  to  the  presence  of  mixing  noise.  Further  evidence  for  this 
Is  presented  In  Floure  3,  showing  data  fo "  the  upstreaa  arc,  6  *  143".  Here  It  Is  seen  that  the  'esti¬ 
mated  mixing  noise'  Is  negligible  at  all  nut  the  lowest  pressure  ratios  and  the  straight  line  relationship 
Is  obeyed  over  the  entire  range  of  neasureaent.  Comparison  of  the  lines  drawn  on  Figures  2  and  3  Indicate 
furthermore  that  they  differ  by  only  2  dB,  Indicating  again  that  the  shock  associated  noise  Is  relatively 
omnidirectional.  Also  sh<xn  In  Figure  3  is  the  noise  from  jets  at  several  stagnation  temperatures  In  the 

region  or  1100SK.  It  can  ue  seen  that  at  a  sufficiently  high  value  of  0,  1e,  pressure  ratio,  the  points 
coincide  with  the  Culd  jet  line  thus  Indicating  that  the  shock  noise  is  virtually  Independent  of  jet 
temperature. 

U 

The  g  dependence  observed  above  suggests  that  the  amplitude  of  the  'sources'  producing  this 
noise  varies  as  6  .  Consideration  of  the  nors&l  shock  relationships,  furthermore,  shows  that  this  Is 
precisely  the  dependence  of  the  pressure  difference  across  a  normal  shock  of  upstream  number  M,.  Thus 
superficially  It  appears  that  the  source  strength  associated  with  the  shock  associated  noise  15  proportional 
to  the  pressure  difference  across  the  shock  waves.  Of  course  it  can  be  argued  that  these  relationships 
will  not  apply  directly  to  this  case  because  the  shocks  in  the  jet  are  not  normal  but  oblique.  Some  re¬ 
assurance  on  this  matter  was  gained  from  the  crossed  bean  schlleren  measurements.  The  variation  of  the 
mean  square  level  of  the  measured  density  gradient  fluctuations  with  axial  position  Is  shown  In  Figure  4. 

It  can  be  seen  that  the  variation  Is  dominated  by  a  series  of  almost  equally  spaced  peaks,  each  one 
occurring  at  the  point  where  the  shock  waves  terminate  in  the  jet  shear  layer.  Furthermore,  measuregxmt 
of  the  variation  of  these  peak  levels  as  a  function  of  pressure  ratio  show  that  they  also  follow  a  8* 
dependence.  This  suggests  that  them  Is  a  strong  connection  between  the  sound  intensity  and  the  density 
fluctuations  at  the  shocks  and  also  that  the  parameter  gz  Is  a  good  representative  of  the  oblique  shock 
strength. 

In  summary  therefore  It  appears  chat  the  overall  level  of  shock  associated  noise  is  principally  a 
function  of  jet  pressure  ratio  and  Is  relatively  independent  of  either  angle  of  observation  or  jet  stagna¬ 
tion  temperature.  Whether  or  not  It  Is  the  dominant  noise  source  for  a  given  pressure  ratio  however 
depends  on  these  parameters  since  they  set  the  mixing  noise  levels. 


3.  SPECTRAL  CHARACTERISTICS 

A  model,  for  the  prediction  of  the  spectral  characteristics  of  shock  associated  noise,  has  been 
evolves  by  extending  Powell's  onglnal  Bade",  for  *he  discrete  components.  In  this  model  the  end  of  each 
shock  cel’,  is  taken  as  a  source  of  acoustic  energy  and  the  relative  phasing  between  the  sources  Is  set  by 
the  convection  of  turbulent  eddies  between  them.  This  model  is  well  justified  by  the  schlleren  measure¬ 
ments  which  showed  that  the  peak  levels  (Figure  4),  of  the  density  gradient  fluctuations  coincided  with 
ttve  shock  positions  at  the  and  of  each  cell.  The  peak  levels  also  varied  as  8^  as  did  the  sound  field 
whereas  between  these  peaks  the  variation  of  the  density  gradient  fluctuations  was  found  to  be  a  far  weeker 
function  of  e.  Thus  It  appears  that  these  shock  regions  are  intimately  associated  with  the  production 
of  the  shock  associated  noise. 

3.1  RELEVANT  FLOW  FIELD  KASUREiems 

Th?  model  employed  therefore  cansl-ts  of  an  array  of  sources  In  line  with  the  noaile  lip  and  aliest 
fc^ually  spaced  with  separation  l.  The  measured  dopeadenco  of  shock  spacing  on  pressure  ratio  is  shown  in 
Figure  8.  This  Is  in  nominal  agreement  with  a  theoretical  derivation  due  to  Pack  (3j  which  yields  : 


L  *  const. D.fi 

A  coed  average  value  of  the  constant  for  the  array  (about  eight  shockwaves)  is  1.1.  For  a  detailed 
representation  the  small  linear  variation  noted  in  Figure  fi  is  included  ss  follows  : 

Ln  *  h  '  l"'1)-  41  (3) 

where  aL/t,  is  about  6S  e&j  the  constant  in  (2)  for  is  l.Jl. 

It  is  assumed  that  the  convection  of  a  turbulent  eddy  along  this  line  of  sources  causes  each  to 
cent  an  acoustic  signature  at  the  time  of  arrival  of  the  eddy.  Tha  similarity  of  these  signatures  and 
therefore  the  extent  they  interfere  on  combining,  dajsends  on  how  much  the  eddy  distorts  (chwcas  identity) 
during  convection. 

To  quantify  this  and  the  convection  velocity,  a  crossed  beam  schlleren  system  was  used  to  optically 
senitor  and  compare,  with  the  aid  of  a  digital  correlator,  the  time  history  f(t)  of  fluctuations  occur¬ 
ring  at  two  separate  shoefcaaves,  *  and  n. 

Cress  correlations  obtained  this  way,  for  the  typical  shockwave  pairs  -  4/4.  4/5  and  4/6  are  pre¬ 
sented  in  Figure  7,  It  is  found  from  tee  peak  value  of  4/5,  that  the  fluctuations  at  shockwaves  4  and  5 
are  stout  lOi  correlated  (C,  *  0.6)  for  the  further  epert  combination  4/6,  the  similarity  Is  much 

reduced  (C.  «  0.2).  These  typical  o&wrvattens  therefore  svg$tit  that  significant  interference  between 
the  sousd  from  ifwividual  sources  can  occur,  particularly  for  adjacent  sources. 

Also  evident  on  Figure  ?  is  that  tha  pm&fc  valuta  Gccur  *t  time  delays  given  by 


whore  U  Is  the  eddy  convection  velocity  and  this  Is  seen  to  be  about  0.7  U,. 
talned  1H  a  subsonic  .let.)  0 


(The  sane  was  also  ob- 


The  cross  correlations  were  repeated  using  analogue  filters  to  analyse  the  signal  fluctuations 
contained  In  a  narrow  frequency  band  (dm)  centred  on  frequency  u.  In  this  Instance  the  correlation 
function  tends  to  oscillate  Indefinitely  and  In  the  Halt  (as  dw  0)  we  obtain  a  standard  statistical 
result  : 
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(5) 


This  peaks  at  a  time  delay  which  varies  only  slightly  with  frequency  and  therefore  U  (a)  is  rcml- 
nally  equal  to  the  group  convection  velocity  Figure  8.  Also  shown  in  Figure  8  is  the  variation  of  the 
filtered  correlation  coefficient  for  the  adjacent  source  combination  (4/5).  This  relates  to  the  spectral 
amplitude  (modulus  of  the  cross  power  spectral  density)  and  Is  defined  as 


C<(«) 
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(6) 


where  1  ■  |n-m|. 


It  tends  to  vanish  at  the  high  frequencies,  Figure  8,  but  Is  otherwise  nearly  constant.  A  useful 
empirical  rule,  representing  Gaussian  decay.  Is 


CjM 
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(7) 


It  Is  found  (reference  [4])  that  the  more  sheared  a  flow  Is,  the  more  rapidly  does  the  turbulence 
distort.  The  effect  of  Increasing  the  pressure  ratio  Is  to  move  the  shockwaves  further  downstreaa  where 
the  shesr  Is  less  by  virtue  of  the  Increased  shear  layer  width.  However,  the  shock  spacing  also  Increases 
and  the  turbulence  must  travel  further  between  the  adjacent  shocks.  These  two  effects  tend  to  cancel  with 
die  ,-esult  that  the  correlation  coefficient  is  Independent  of  pressure  ratio. 

3.2  FORMULATION  OF  THE  SOUND  FIELD 

Having  outlined  some  useful  flow  statistics  the  sound  field  for  the  postulated  source  oodel  may 
now  be  formulated. 


The  nth  source,  located  distance  x  from  the  octal e,  contributes  to  the  acoustic  far  field 
pressure  an  amount  : 


yv*)  ’ 
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(8) 


where  F  is  row  the  (random)  source  fluctuation  evaluated  at  retarded  time.  This  has  a  spectral  density 
G^a),  a  continuous  function  of  frequency  and  presswed  independent  of  angle  of  observation  8. 

Suaaing  tha  contributions  fro*  an  array  of  N  such  sources  and  squaring  and  time  averaging,  yields 
an  expression  for  the  sound  intensity  : 
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The  fluctuations  of  p  are  statistically  stationary  and  it  than  follows  that 


f.(*  *  -  r)  - 
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(10) 


stow  in  (8)  it  is  evident  that  source  fluctuations  in  a  given  band  of  frequencies  *ust  be  responsi¬ 
ble  fer  the  sc  ;;h  ridiaied  in  that  same  band.  Tharafore  consider  again  the  limiting  case  of  a  very  narrow 
bandwidth.  The  taend  intensity  (9)  par  unit  bandwidth  is  <%(»•,«,«)•  Also,  on  the  basis  that  »ddy 
convection  controls  Vis  re.ativ*  source  phasing,  the  cross  correlation  (10)  above  therefor*  takes  the  for* 
of  (5)  which  we  evaluate  at  the  time  delay  : 
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Thetefee*  In  this  instance  (10)  1*  equal  to  : 
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where  H  Is  th«  ratio  of  U  ,  to  the  ambient  speed  of  sound  a  and  (1-M  cose)  Is  a  Doppler  factor 
IncorporStlng  the  variation  In  retarded  time  and  source  phasing.  0  ~ 

Finally,  inserting  (12)  In  (9)  a  general  expression  for  the  spectral  density  of  shock  associated 
noise  1$  obtained,  namely  : 
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3.3  BRIEF  COMPARISON  WITH  MEASUREMENT 

For  a  preliminary  comparison  it  Is  plausible  to  Ignore  the  somewhat  small  variations  In  shock 
spacing  noted  previously.  (This  aspect  Is  reconsidered  later.)  Therefore  using  an  average  value  L, 
(13)  becomes  : 
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(14) 


Consideration  of  this  suasatlon  indicates  that  It  will  tend  to  have  a  maximum  value  whenever  the  argument 
of  cosine  term  Is  either  zero  or  equal  to  an  Integer  multiple  of _.2n  for  non-zero  values  of  (n  -  m).  The 
former  condition  clearly  occurs  only  at  the  Hach  angle,  9  ■  cos  (1/H  )  when  It  exists.  Experience  indi¬ 
cates  however  that  at  this  angle  the  mixing  noise  frequently  do«1natescand  we  shall  not  consider  the 
possibility  further. 

The  latter  condition  suggests  that  the  shock  associated  noise  might  exhibit  a  peak  value  at  a 
frequency  given  by 

fp  "  UrnTcoseT  (15) 

c 

and  harmonies  thereof.  Consideration  will  show  that  with  this  combination  of  convection  speed,  shock  cell 
spacing  and  angle  of  observation,  the  radiation  from  ell  sources  Interferes  constructively  ai  this  specified 
frequency.  At  other  frequencies  this  constructive  interference  Is  less  complete  and  hence  lower  levels  of 
noise  are  anticipated. 

Confirmation  of  these  ideas  Is  presented  in  Figure  9  where  the  spectrum  of  noise  radiated  from  a 
shock  tree  eonvergant-dlvergcRt  nozzle  is  compared  with  that  froa  a  convergent  nozzle  operated  at  the  saaa 
pressure  ratio.  It  Is  clear  that  the  extra  noise  radleted  by  the  convergent  nozzle  Is  contained  la  a 
spectral  region  centred  on  the  frequsney  given  by  (IS),  above. 

The  variation  of  this  peak  frequency  with  both  angle,  velocity  and  shock  spacing  is  found  to 
follow  the  prediction  of  (15)  closely.  The  change  with  angle  is  shown  In  Figure  10  for  several  pressure 
ratios  indicating  the  apparent  Doppler  shift. 

4.  AmiCAIIOfi  9F  «SDEL 

Using  (14)  for  guidance  a  means  of  collapsing  the  measured  spectra  was  initially  sought  for  scal¬ 
ing  purposes.  A  computational  study  of  the  Measured  spectra  was  then  undarttxco  to  quantify  the  normalised 
source  paraaeters  required  for  a  general  prediction  technique. 

4.1  INTERPRETATION 

Tr.-t  expansion  of  (14)  contains  essentially  two  different  types  of  terms.  These  correspond  res¬ 
pectively  to  n  •  *  *.nd  n  ji  b.  The  former  tents  are  tho  Individual  sou  res  spectral  densities,  for 
instance  and  their  sua  represents  the  group  source  spectrum,  G0(p0*«)  . 

The  Utter  terms  are  ro$ec?:s1ble  for  the  interference,  demonstrated  previously  iftd  their  sum  can 
be  either  positive  (constructive  interference)  or  negative  (destructive  interference),  depending  ca  fre¬ 
quency  and  angle  of  observation.  In  the  event  that  the  sources  were  to  be  completely  uftcorre  Fated,  these 
terms  would  of  course  be  zero  and  the  noise  spectrum  then  stmply  eqiial  to  yra,s). 

fhe  expansion  of  (14)  is  therefore  expressed  In  the  following  form  : 
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where  the  cosines  are  harmonically  related  and  eorraswmd  respectively  to. 

I'm  -  n|  =0,  1.  2,  3,  ....  (N  -  1). 
and  the  spectral  amplitudes  are  defined  as  follows  : 
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Each  component  In  (17  b,  c,  etc)  can  be  related  to  Us  respective  source  strengths  in  (17a)  by 
using  a  correlation  coefficient,  similar  to  that  discussed  previously,  equation  (6).  However,  to  compute 
the  shock  noise  spectrum  It  Is  the  spectral  amplitudes  which  are  required  in  (16)  and  these  It  will  be  ob¬ 
served,  could  be  produced  by  any  combination  of  source  strengths  etc  in  (17).  Therefore  without  loss  of 
accuracy,  it  Is  permissible  to  introduce  an  average  correlation  coefficient,  to  oe  determined  empirically 
and  relating  directly  an  Interference  amplitude  (17  b,  c,  ..)  to  the  group  source  spectral  density  (17a). 
When  this  Is  done  the  following  expression  Is  obtained  froa  (17)  for  the  i nterference  amplitude  In  general  : 
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(18) 


where  1  =  Im  -  n|  /  0  and  C,(u)  Is  a  group  average  correlation  coefficient  which  like  (6)  cannot 
exceed  a  value  of  one.  1 

It  was  noted  earlier  that  the  correlation  coefficient  tends  to  be  independent  of  pressure  ratio  . 
Therefore  the  spectral  level  In  (16),  for  example  the  peak  value,  is  essentially  controlled  by  the  level 
of  the  source  spectral  density.  But  consideration  of  (16)  and  (18)  Indicates  that  the  spectral  d^strlou- 
tlon  Is  determined  by  the  following  three  parameters: 
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Unlike  the  first  two  terms,  the  last  ons  Is  s  function  of  both  ''.-equency 


2*f)  aH  the  fun- 


daaental  peak  frequency  equation  (15).  For  convenience,  it  can  be  expressed  as  f/f.  No*,  when  the 
Doppler  factor  is  allowed  to  vary,  for  instance  by  varying  0,  the  interferor  .e  contribution  in  (16)  shifts 
In  frequency,  relative  to  the  Invariant  source  spoctrua.  The-efore  the  spectrum  measured  for  different 
8,  are  unlikely  to  be  a  unique  function  of  f/f  .  This  is  torne  out  In  practice. 


4.2 


SPECTRAL  COLLAPSE  m  SCALING 

The  overall  sound  intensity  Is  given  by  the  integral  of  (16)  with  respect  to  1  equency,  naaely 

f  yv*->  *  <,9> 


From  Figures  2  and  3  its  dependence  (In  dS)  is  given  as 
QASPL  •  153.  5  v  10  U3G,0 
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within  the  angular  region  of  Interest,  the  interferonce  tenssin  (16)  virtually  vanish  upon  inte¬ 
gration  in  col  i t  follows  that  the  overall  strength  of  the  sources  has  the  saaws  dependence 
as  the  sous*)  intensity,  namely 
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It  will  be  noted  that  because  the  sound  intensity  is  omnidirectional  in  this  region,  the  same  must 
also  be  irve  of  the  sour c*  tptctral  density,  thereby  confirming  our  original  assumption. 

Equation  (SI)  cam  be  used  to  determine  the  depmndeoce  of  first,  however,  U  <s  neces¬ 

sary  to  pustulate  a  frequency  dependence >  In  order  to  perform  the  Integration.  In  coamon  with  problems  of 
this  nature  we  postulate  that  the  source  spectrum  will  poaL  st  sc*e  constant  value  of  a  Strouhal  rrjiaber 
op  sr.d  that  the  spectre**  shape  is  solely  a  function  of  s.  (The  latter  will  also  b*  assueed  for  the 
correlation  coefficient.) 

us 
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The  length  scale  x  is  taken  to  be  proportional  to  the  scale  of  the  turbulent  eddies  Intersecting 
a  shock  wave.  This  will  be  proportional  to  the  local  shear  layer  width  and  therefore  roughly  proportional 
to  shock  position  from  the  nozzle 


ie  x  a  L  (a£D) 

Initially  it  seesned  logical  to  associate  the  velocity  U  with  the  convection  velocity.  This 
would  then  yield  a  typical  frequency  equal  to  the  rate  of  intersection.  Unfortunately,  for  a  given  jet 
stagnation  temperature  U  does  not  vary  much  over  the  pressure  range  tested.  Nevertheless,  between  the 
hot  and  cold  data  the  velocity  does  change  and  by  a  factor  of  up  to  two.  A  comparison  of  these  data, 
following  the  methods  outlined  below,  .lowever,  showed  that  the  source  spectrum  remained  invariant  with  in¬ 
creased  flow  velocity.  We  do  net  currently  understand  the  reasons  for  this  observation.  Its  acceptance 
as  an  experimental  observation  however  suggests  a  scaling  for  source  spectra  on  the  parameter  wL/aQ, 

The  source  spectral  density  is  therefore  expressed  in  the  following  form  : 

VV“>  -  g(PJ/P0)  .  ,tQ(  ft  )  (23) 

o 

where  Hq  Is  a  universal  spectrum  shape  function. 

Inserting  (23)  in  (21)  the  dependence  on  pressure  ratio  is  established  : 

g(PJ/P0)  a  [j  )z  •  ~  •  e5  (24) 

0  ro  ao 

This  result  is  used  to  normalise  the  measured  sound  spectral  density.  Now  when  (23)  is  incor¬ 
porated  in  (16)  it  is  found  that  the  normalised  spectrum  is  theoretically  a  unique  function  of  f/t  when 
the  quanity  (1  -  Hecose)/Mc  is  held  constant.  p 

Shown  in  Figure  11  are  the  spectral  levels  measured  at  different  pressure  ratios  for  an  unheated 
jet.  These  have  been  corrected  using  (24)  and  because  (1  -  N  cosaJ/H  is  nearly  constant,  chey  are 
plotted  against  f/f  .  A  satisfactory  degree  of  collapse  is  observed  ixcept  at  low  frequencies,  where 
for  the  low  pressure^rati as  flUin^  noise  dominates  the  levels.  Figure  12  shows  data  for  which  ( 1  -  M 
cosO)/H  is  comparable  to  the  previous  case,  but  for  a  stagnation  temperature  of  1100<>K.  Again  a  useful 
degree  of  collapse  is  observed  while  comparison  of  the  two  sets  of  data  also  demonstrates  the  utility  of 
this  method  for  a  range  of  stagnation  temperatures. 


4.3  PRECICTION  OF  SPECTRUM 

For  a  general  prediction  technique  the  following  information  is  required  In  (16)  as  a  function  of 


(a)  the  normalised  group  source  spectral  density  Hq (<j) ,  and 

(b)  the  set  of  correlation  coefficients,  C^(o)  . 

In  oraetice  only  the  first  coefficient,  C.(o)  need  bar  tabulated  if  equation  (7)  Is  t  ied.  As 
will  be  shown  below,  a  slight  sodiflcotion  involving  the  unequal  shock  spacing,  is  actually  needed  to  (16) 
before  a  satisfactory  prediction  formula  is  realised.  The  quantities  (a)  and  (b)  are  der.mlnmd  through 
a  computational  study  of  the  choked  jet  noise  spectra,  measured  at  different  angles  to  the  jet  axis  and 
for  a  range  of  pressure  ratios,  thereby  providing  a  suitable  variation  of  both  (1  -  ■!  cose)  and  g  res¬ 
pectively .  A  me-isuresent  survey  of  sufficient  anguler  detail  was  only  available  for  the  ur, heated  jet  and 
this  data  alone  is  used. 

The  spectral  amplitudes  are  Independent  of  angle  8  and  lher>  fore  the  directivity  or  (16)  at 
constant  frequency  is  due  solely  to  the  cosines.  This  penal ts  (16)  to  be  solved  as  an  even  Fourier  series 
with  Independent  variable  f/f  . 

V 

With  constant  frequency  the  equation  predicts  for  the  spectral  level,  i  series  of  harmonically 
related  peats  of  tgual  level  corresponding  to  constructive  interference.  These  occur  at  f/f  »  1,  2,  3, 
etc.  (This  is  always  true  providing  there  jm  two  or  more  sources  present.)  However,  where  f/f  does 
extend  to  valued  of  2  or  more  in  the  measured  directivity,  only  the  fundamental  peak  is  well  defined. 

A  similar  observation  can.  te  made  of  the  sound  spectrum,  Figure  9,  where  the  'undwaontal  is  star  to  dominate 
the  spectral  distribution.  jf  course,  in  this  case,  the  harmonics  sre  anticipated  having  differesi  peak 
levels  due  to  the  frequency  dependeisce  of  (a)  and  (b)  above.  Hqmeev&r  a  drastic  loss  of  coherence  (b)  at 
high  frequencies  is  discoceited  here  fer  the  rcasc-s  that  Use  fur>da*!ofal  j$  readily  discerned  at  smaller 
angles  (eg  a  *  60°)  whoo  it  then  occurs  at  frequencies  eoa^*r*ble  to  the  eissing  higher  hanmjnic  peaks  in 
Figure  9. 


These  discrepancies  *pp*rs*ity  stem  from  th*  sise  oversiajjlif icatins,  .>«c*ly  the  usa  of  a  constant 
shock  spacing  L.  This  vjs  found  to  reduce  by  about  65  from  one  cell  to  the  next,  see  Figure  6,  also 
equation  (3).  Tfw?  effect  ©f  iRCorporatUq  (3)  in  the  generalised  result  (13)  "is  must  easily  visualise 
wtor  i-k/,  is  assumad  very  small.  In  this  instance  th*  expansion  of  (13)  is  is  part  identical  with  (16) 

(for  whioll  l  Mbs  ntwf  constant)  but  xteUicstl  Imttrfrreaea  terms  arts*.  Th*  firsTefHOiSt*  (1  »  1) 

Is  equal  to 
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It  win  be  seen  that  these  terras  are  In  quadrature  with  their  corresponding  cosines  in  (16). 

Also  they  have  a  frequency  weighting.  Taken  as  a  whole,  thslr  effect  Is  to  aenerally  enhance  th®  destruc¬ 
tive  interference  below  the  fundamental  peak  and  ‘fill  in*  above  the  peak  as  Is  observed  In  the  reeasure- 
aents. 


To  slM)11fy  nattars,  the  spectral  amplitudes  G_n(»)  in  the  sine  terms  are  assumed  equal  for  any 
given  value  of  jm  -  n|.  This  can  be  justified  when  tmrrelatlve  contribution  of  the  sines  to  the  sound 
spectrum  Is  not  unduly  large. 


How  Incorporating  (3)  In  (13)  we  obtain,  for  the  sound  spectral  density. 


*p(V8*“)  =  — 7  1  E  Gnsn^“^  cos 
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■'hen  expanding  and  re-arranging  in  the  manner  of  (16),  an  expression  suitable  for  programing  Is  obtained 


where 


Gp(r0,P,u)  =  &0(r0,u) 
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A  least  squares  analysis  enabling  a  'jest  fit'  of  (27)  to  i.,ie  isjasured  directivity  was  established. 
The  data  was  Initially  adjusted  to  remove  mixing  noise  using  an  extrapolation  of  subsonic  measurements  but 
this  affects  the  low  frequencies  only  and  Is  of  uncertain  accutacy.  Putting  N  =  8,  =  O.Jd  and 

U  *  0.7  U,,  the  directivities  for  a  wide  range  of  frequencies  and  different  p.essure  L1  ratios  were  pro¬ 
cessed  amrthe  resulting  source  spectral  levels  normalised  using  (24).  The  results  are  presented  plotted 
against  Strouhal  number  In  Figure  13. 

A  very  reasonable  collapse  for  the  source  spectral  estimates  is  observed  if,  Figure  13(a).  The 
scatter  at  low  frequencies  Is  thought  due  to  Inadequate  correction  for  the  mixing  noise  at  the  lower 
pressure  ratios.  The  original  assumption  regarding  source  frequency,  namely  that  f$o  «c  ,  is  used  here. 

However,  U  varies  little  In  tnls  data  and  Is  ac-prqxlsately  equal  to  a  .  The  shock  L  spacing  L  does 

vary,  hy  acfactor  of  2.3  ar.d  the  collapse  therefore  confirms  't.  importance  n  controlling  source  frequency. 

The  spectrum  peaks  around  *  Strouhal  number  of  0.65  at  approxi*Jtely  16A  dB.  At  tN  extremities, 
it  changes  by  roughly  6  dfl  par  octave  (<r  *  2). 

Shown  in  Figure  13(b)  are  the  competed  values  of  correlation  coefficient  for  adjacent  sources 
(1  =  1).  Considerable  scatter  is  observed  but  the  values  Us  siUsin  the  peraissible  range.  The  now 

measurements,  Figure  8(a)  were  used  here  to  suggest  a  mean  variation  (solid  line). 

Tb?  solid  lines  in  Figure  13  s?«  taken  to  be  the  universal  spectral  charact .eristics  for  the  shock 
associated  noise  of  a  choked  jet.  Using  these  along  with  equation  (/}  and  (27)  a  prediction  progrsww  has 
been  written. 

Sea*  confirmation  of  the  validity  of  tba  programs?  *sd  the  above  analysis  is  given  In  Figure  14. 
where  the  comparisons  with  measurement  are  observed  to  fed  generally  satisfactory.  The  largest  discrepan¬ 
cies  are  found  in  the  downstream  quadrant  (e  r  45°  in  figure  14).  Here  the  scarce  spectria  tends  to 
emerge  above  the  aeasureaents  m d  there  is  some  suggestion  that  lew  and  mid  range  frequencies  tend  no-  to 
radial*  efficiently  at  the  smaller  angles. 

lijre  recent  prediction;,  (net  shown  here)  but  for  jets  heated  to  1100°k.  al*a  s?roe  equally  wail 
with  aeasuresmnt  providing  the  fr*que*cy  parameter  is  defined  as  ft/»&  5-e’*  T of  flow  ve.nctty. 


5.  C0MUU5I0*S 

The  shock  waves  in  a  choked  jet  are  responsible  for  a  source  of  feiwsdbaivJ  sismd.  The  intensity 
ef  this  ‘shock  associated  noise'  is  virtually  independent  of  angle  of  observation  and  jat  velocity  but  a 
function  cnly  of  pressure  ratio.  In  particular,  U  is  proportional  to  th*  fourth  power  of  the  shock 
strength  (8).  its  f»1s*  spectrwa  is  distinct  froi  that  of  mixing  noise,  snd  is  characterised  ay  a  peas. 
The  frequency  of  this  peak  vjrios  with  angla  to  the  manner  of  e  Doppler  shift  and  is  proportional  to  jet 
velocity  and* inversely  proportional  to  shock  spacing. 

k  liable  i*)del  for  the  shock  noise  sources  «s  successfully  developed  to  represent  the  sound 
reduited  to  the  far  field.  The  principal  mu*Uoa.  -sawiy,  that  each  shock,  cell  end  may  t*  refttrdec  as 
a  cevrfset  source  of  acoustic  radiation,  with  relative  phasing  sot  by  U*  tie*  sf  «Sdy  convection  betwwn 
tn**,  was  amply  s«£s Unlisted.  A  detailed  application  of  this  model  to  the  somnd  messwrmments  retwiU-j 

in  a  ember  of  fundamental  conclusions  : 

he  sound  can  be  decomposed  into  two  component*  '1)*  group  source  camtrtbutlofl  equal  ts  tAm  ccz 
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of  the  Individual  source  Intensities  and  (11}  an  Interference  contribution,  arising  os  a  result  of  the 
sources  being  correlated.  The  two  components  combine  to  form  an  Interference  ripple  in  the  sound  spectrum. 
Consideration  of  the  relative  phase  and  differences  In  retarded  time  for  these  almost  equally  spaced  sources, 
explains  the  variation  In  peak  frequency.  Also,  slight  variations  in  spacing  account  for  the  virtual  ab¬ 
sence  of  harmonics  of  this  frequency.  A  successful  decomposition  of  the  measured  spectra  is  achieved  and 
utilised  In  a  prediction  programs*. 

Using  the  model  to  compare  hot  and  cold  jet  data,  It  Is  tentatively  concluded  that  the  character¬ 
istic  frequency  of  sound  radiated  by  Individual  sources  is  Independent  of  the  eddy  velocity!  No  explana¬ 
tion  for  this  essentially  asplrlcal  observation  Is  currently  available.  It  is  hoped  that  future  work  to 
examine  the  detailed  physical  processes  associated  with  the  shock/turbulence  Interaction  mechanise,  revealed 
herein,  will  also  incorporate  the  rationale  for  this  observation. 
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NOISE  FROM  HOT  JETS 


K  A.  LUSH  sad  N.J.  FISHER 
INSTITUTE  OF  SOUND  AND  VIBRATION  RESEARCH 
UNIVERSITY  OF  SOUTHAMPTON 
GREAT  BRITAIN 

SUMMARY 

Measurements  of  the  noise  from  several  independent  workers  of  hot  sub-sonic  jets  show 
that  the  noise  decreases  relative  to  the  urheeted  jet  at  high  jet  velocity  but  increases  at.  low  velocity* 
The  decrease  at  high  velocity  has  previously  been  explained  by  the  reduction  in  the  jet  density  for  the 
hot  jet  and  this  explanation  is  confirmed  by  the  present  study.  The  increase  in  noise  at  low  velocity 
is  attributed  to  an  additional  source  caused  by  entropy  fluctuations  which  varies  as  U4  compared  vith  U6 
for  the  usual  mixing  noise.  A  simple  theoretical  model  using  Lighthill's  theory  of  ae-o dynamic  sound 
is  proposed  and  this  gives  very  good  agreement  vith  the  experimental  results,  but -the  theoretical  model 
cannot  be  justified  rigorously.  However  it  could  provide  a  satisfactory  method  for  prediction  of  the 
noise  from  hot  jets  and  a  basis  for  the  collapse  of  data. 


NOTATION 


local  speed  of  sound 
ambient  speed  of  sound 

coefficient  of  (Uj/ao)8 

coefficient  of  ( t).  /  a  )** 
j  o 

specific  heat  at  constant  volume 

specific  heat  at  constant  pressure 

jet  diameter 

frequency 

sound  intensity 

density  parameter 

pressure 

distance  frost  urce  to  observer 
entropy 

entropy  in  jet 
ambient  entropy 


Lighthill  stress  tensor 
jet  temperature 
ambient  temperature 
fluid  velocity 

fluid  velocity  in  direction  of  observer 
jet  velocity 

transverse  velocity  component 
space  variable 
density 
jet  density 

ambient  density- 
ratio  of  specific  heats 


Until  'recently  it  was  widely  accepted  that  the  effect  on  the  jet  noise  of  increasing  the  jet 
temperature  at  a  constant  jet  velocity  would  be  a  reduction  in  the  noise  radiated  as  a  result  of *e  reduct¬ 
ion  in  jet  density.  However  measurements  of  the  noise  frees  hot  subsonic  jets  carried  out  by  IGTE 

(National  Gts  Turbine  Establishment )  and  alto  independently  by  BTEOtt  (since  published  jointly  in 
rtf,  ft}),  indicate  that  while  this  reduction  does  c-oour  at  high  jet  velocities,  at  low  velocities  the 
radiation  ectually  increases  relative  to  the  unheated  jerk.  At  this  stage  vork  at  ISVR  exncentjrated  ea 
finding  an  explanation  for  this  increase  in  noise.  Previous  experimental  work  on  heated  jets  had 
generally  found  a  very  small  efi ect  on  the  radiation  (ref.  2),  certainly  lees  than  that  expected  because 
of  density  reduction.  These  results  led  Ribner  (ref,  2)  to  suggest  that  the  reduction  of  radiation 
due  to  reduction  in  jet  density  was  to  some  extent  cancelled  by  an  additional  source  of  noise  due  to 
fluctuations  in  entropy.  This  suggestion  was  followed  up  at  ISVR  by  an  attempt  to  separate  the  extra 
source  from  the  usual  mixing  noise  using  the  NGTE  data.  It  was  found  that  the  observed  velocity 
dependence  of  the  radiation  could  be  explained  by  the  addition  of  an  extra  source  pith  a  velooity 

dependence  of  U4,  It  was  further  found  that  the  usual  mixing  noise  component,  which  was  assumed  to  vary 

as  U8,  decreased  in  strength  with  increasing  temperature  in  a  vay  very  similar  to  that  expected 
theoretically.  Also  the  U4  component  increased  with  increasing  tespo nature  in  a  vay  compatible  with  a 
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bo  del  based  on  entropy  fluctuations.  A  similar  anal/sj s  of  some  nev  hot  jet  noise  results  from 
Lockheed  Georgia  Co.  confirmed  these  findings  (ref,  3),  The  analysis  of  these  two  sets  of  data 

together  with  the  development  of  a  theoretical  model  based  on  entropy  fluctuations  was  published  at  the 
British  Acoustical  Society  19?3  Spring  Meeting  (ref,  4). 

However  a  closer  examination  of  the  theoretical  arguments  showed  that  this  source  would  actually 
vary  as  U6  and  not  U4.  Unfortunately  it  was  not  possible  to  reconcile  the  experiments!  results  with 
an  additional  source  of  velocity  dependence  U6,  At  this  stage  it  was  conjectured  that  the  additional 
noise  was  generated  upstream  of  the  nozzle  by  the  combustion  process,  although  the  close  agreement  between 
widely  differing  r: gs  made  this  seem  unreasonable.  HGTE  then  carried  out  some  experiments  using  an 
electrical  heater  and  generally  these  showed  good  agreement  with  the  previous  tests,  indicating  that 
combustion  was  not  involved.  Further  confirmation  was  produced  by  recent  I8VR  results,  for  which  an 
electrical  heater  vas  also  used.  In  fact  these  results  completely  confirmed  the  presence  of  an  addition¬ 
al  temperature  dependence  source  varying  as  U4.  These  recent  I8VB  results  haTe  nov  been  completely 
analysed  and  are  presented  in  this  paper  together  with  tho  previously  published  NOTE  results. 

One  important  difference  between  this  work  and  that  published  previously  by  others  is  that  we  have 
concentrated  exclusively  on  the  analysis  of  the  radiation  at  9 0°  to  the  jet  axis,  and  not  the  radiation 

at  the  peak  angle.  The  reason  for  this  is  that  at  90°  to  the  jet,  the  effects  of  source  convection  and 

refraction  of  oound  are  eliminated  and  the  analysis  can  concentrate  on  changes  in  the  source  strength. 

At  the  peak  angle  of  radietion,  the  effects  of  convection  and  refraction  are  superimposed  upon  the 
changes  in  source  strength  and  since  both  are  likely  to  he  functions  of  temperature,  it  would  be  impossible 
to  separate  the  two  effects. 

In  view  of  the  very  close  agreement  observed  between  the  ISVR  and  NG7E  resuite,  it  is  worthwhile 
outlining  the  main  differences  between  the  two  experimental  rigs.  Thu  ROTE  measurements  were  made  in 
the  large  anechoic  chamber  at  Pyt stock  and  the  jet  was  heated  by  burning  hydrogen  in  the  plenum  chanter 
upstream  of  the  nozzle.  Total  teaperatur*  up  to  about  900°K  could  be  achieved  Considerable  care  was 
taken  to  ensure  that  the  noise  radiated  from  valves  and  the  burner  were  minimised.  Free  entrainment  of 

the  outside  air  kept  the  chamber  temperature  near  to  the  ambient.  The  ISVR  measurements  were  made  in 

the  large  anechoic  chamber  at  the  University  end  in  contrast  to  the  NGTE  measurements  the  air  was  heated 
electrically.  The  maximum  total  temperature  obtainable  in  this  ease  was  about  500  fC,  Again  great 
care  was  taken  to  minimise  rig  noise  hut  no  special  provisions  were  sadg  for  ventilating  the  chamber. 
However  it  was  found  that  the  chamber  temperature  did  not  rise  above  35°C.  The  eifect  of  the  change 
ambient  temperature  was  allowed  for  by  making  measurements  at  a  constant  ratio  of  total  temperature  t 
the  ambient, 

2.  THEORETICAL  CONSIDERATIONS 

Kilmer's  suggestion  of  noise  radiated  from  entropy  fluctuations  wee  investigated  using  the  frame¬ 
work  of  Lighthill'e  theory  of  aero  dynamically  generated  sound.  -  In  this  theory,  a  turbulence  region 
generates  sound  as  if  it  were  a  distribution  cf  acoustic  quadrupoles  of  strength  given  by, 

Trr  "  pur2  *  •  (l) 

where  u ,  is  the  fluid  velocity  in  the  direction  of  the  observer.  The  viscous  contribution  to  this 
source  strength  has  been  omitted  as  usual.  For  a  cold,  i.e.  unheat ed,  flow,  the  term  in  p-a  2p  will 
be  nearly  zero,  since  the  pressure  and  density  fluctuations  will  be  largely  isentrcpic  and  th§  sound 
speed  (temperature)  will  be  nearly  equal  to  the  embient  value.  Thun  in  a  cold  flow  the  main  contribu¬ 
tion  to  the  cound  generation  i*  from  the  term  pu  2  (Reynolds'  stresses).  However  in  a  heated  flow, 
the  term  p-a  2p  will  not  be  zero  because  the  pressure  and  density  will  no  longer  be  isentropically  related. 
Frot,  the  themrdynasdc  relation. 
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it  can  be  seer,  that,  the  density  fluctuation  for  instance  will  be  ccjsposed  of  an  isentropic  pressure 
fluctuation  and  an  entropy  fluctuation  at  constant  pressure.  The  pressure  fluctuation  contained  in 
p~a2p  will  partially  cancel,  leaving  a  contribution  frou  the  entropy  fluctuation.  The  fluctuating 
AesSity  is  given  by 


P 


(3) 


where  p  and  a  refer  to  mz-an  vjlues  of  density  and  speed  of  sound  respectively. 

Since  we  are  restricting  our  attention  to  the^radiation  at  90°  to  the  jet, 
oimplifias  considerably  because  the  seen  velocity  u  will  be  very  eiell  so  that 
be  neglected.  Vith  this  simplification  and  using  *3),  equation  (l)  becomes, 
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the  expression  for  T 
terms  involving  it  c££ 
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where  the  mean  teres  u«ve  been  dropped  since  they  do  net  contribute  to  the  rate  of  change  of  T  which  is 
what  ia  required  for  the  far  field  radiation.  Also  the  triple  product  of  fluctuating  quantities  has  been 

neglected.  The  first  tejD  is  the  cc  atributioa  from  the  Reynolds 1  stress,  and  the  saen  density  is  taken 
to  be  that  ia  the  centre  of  tho  shear  layer.  In  general  this  is  given  by 


-  »  kf ,  +  (1-k  )p  (5) 

p  j  o 

•< uere  k  is  a  parameter  lying  between  and  1,  which  represents  the  position  in  the  shear  layer, 
e.g.  k*J ,  would  correspond  to  tho  arithmetic  Man,  For  small  variations  in  jei  density,  the  mean 
density  would  also  be  approximately  given  by  the  geometric  mean  /p.p  .  but  thin  result  becomes  in¬ 
accurate  if  the  jet  density  i*  substantially  leas  than  the  aisbient.  The  ascend  term  is  proportional  to 
the  temperature  difference  between  the  source  region  and  the  ambient.  In  the  case  of  heated  jets  the 


coefficient  of  y'  can  never  be  greater  thsn_unity  and  varies  rather  slowly  vith  temperature.  If  it  is 
assumed  that  p’  varies  in  a  similar  vay  to  pv'2,  then  the  term  can  be  combined  with  the  Reynolds'  stress 
term  and  the  overall  density  dependence  assumed  to  be  p.  However  this  term  any  be  important  for  jets 
vith  temperatures  or  speeds  of  sound  substantially  below  the  ambient  value.  This  point  has  been  dis¬ 
cussed  in  so»e  detail  by  Lighthill  (ref.  5). 

However  the  third  term  of  (k)  proportional  to  fluctuations  of  entropy  does  appear  to  give  a  source 
of  acoustic  energy.  Moreover,  if  it  is  assumed  that  the  magnitude  of  the  entropy  fluctuations  is  a 
function  of  temperature  only  and  independent  of  velocity,  then  it  can  immediately  be  seen  that  the 
acoustic  intensity  of  this  source  vill  vary  as  U1*,  since  the  rate  of  change  of  source  strength  will  be 
proportional  to  velocity.  It  is  assumed  that  the  entropy  fluctuations  are  simply  proportional  to  the 
mean  entropy  difference  across  the  shear  layer.  In  the  absence  of  static  pressure  gradients,  as  in  a 
jet  flow,  the  equation  of  state  for  a  gas  may  be  used  to  give, 

S'  s,  8j  -  so  •  cp  loge  -JL  (6) 

If  finally  it  is  assumed  that  the  Reynolds'  stress  term  and  the  entropy  term  in  ( h )  are  independent 
(i.e.  uncorrelated)  source  terms,  the  intensity  of  the  total  acoustic  radiation  may  be  estimated  from  the 
Bum  of  the  squares  of  the  two  terms  times  the  fourth  power  of  a  typical  frequency.  This  results  in  an 
expression  of  the  form, 
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Ths  coefficient  B  may  also  be  written  in  terms  of  p./p  since  T./T  ■  p  /p The  log  term  may  ho  ex¬ 


panded  to  give  approximately 
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and  if  p  is  t alien  to  be  the  arithmetic  mean 
i(p0  +  Pj) 

the  coefficient  B  becoaes, 


B  «  (1 


The  .two  coefficients  A  and  B  will  also  in  general  be  functions  of  the  (Strouhal  nuaber  fB/U , 
and  who  ratio  of  the  observer  distance  to  the  nossle  diameter,  R/D,  In  the  following  work,  the  value* 
of  the  coefficients  are  always  corrected  to  R/D«l,  assiaing  an  inverse  square  law  dependence. 


The  results  for  the  radiation  at  90°  are  analysed  oaousdug  that  the  radiation  intensity  is 
given  by  equation  (7),  in  which  the  coefficienteA  end  B  are  aseuaed  to  be  functions  of  temperature  ratio, 
T./T  and,  in  the  out  of  filtered  results,  functions  of  6troufa*l  maker,  fl)/U..  The  method  of  analysis 
cons late  essentially  of  witching  the  measured  velocity  dependence  to  the  theoretical  result  (7)  by 
suitably  adjusting  the  values  of  tht  coefficient*  A  and  B,  This  process  is  continued  by  trial  and  error 
until  a  good  fit  has  been  obtained.  This  analysis  was  carried  out  first  for  the  overall  intensity  at  all 
the  temperature  ration  tooted,  than  it  was  extended  to  the  radiation  in  l/j  octave  frequency  bands  by  study¬ 
ing  the  measured  results  at  a  constant  Strouhal  number,  fD/U.,  rather  than  a  fixed  frequency.  The  use  of 
the  Strouhal  number  ensures  that  the  seso  source  is  oba  erveir  whatever  the  jet  velocity  and  jet  disaster. 

In  this  vay  the  variation  of  A  tad  B  with  both  frequency  (Strouhal  number)  and  temperature  ratio  can  be 
detorained. 

Topical  examples  of  curve  fitting  for  the  ISVB  results  are  shewn  in  fijjurea  l  and  2.  The  first  is  for 

the  overall  intensity  and  the  other  for  a  Strouhal  msifcer  of  0.1,  Bote  the  extraaely  6«od  fit  that,  can 

be  achieved  over  the  whole  velocity  range  especially  for  the  temperature  ratio  of  1,7.  The  came  process 

was  also  carried  out  for  the  HOTS  result#  although  the  curve  fitting  m  lass  exact  in  this  ease  because 

the  velocity  range  was  acre  limited,  (incidentally  the  agreement  between  this  method  of  analysis  and  the 
intercept-slope  technique  used  in  ref.  9  is  very  good,  but  the  new  method  is  much  quicker).  Where  they 
overlap  the  two  sets  of  data  agree  very  well,  especially  the  cold  results. 
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Since  we  ere  mainly  interested  in  the  variation  of  the  tvo  coefficients  with  temperature  ratio,  j 
these  variations  are  shown  in  fispire  3,  for  the  overall  intensity  end  in  figures  4,  5  sad  6  for  the  1/3  t 
octave  intensity  at  three  StrOuhal  nussbers,  0.1,  0,3  and  1,0,  It  can  he  seen  that  the  variations  for  each  3 
coefficient  are  qualitatively  the  same  for  the  overall  and  the  filtered  results.  The  ISVD  results  fit  very  ‘ 
well  into  the  gap  in  the  HGTE  results,  although  the  coefficient  of  U®  shows  a  more  rapid  decrease  with  i 


temperature.  This  is  particularly  noticeable  at  Strouhal  makers  above  1.0  and  indeed  the  decrease  is  much 
more  rapid  than  the  most  rapid  variation  predicted  by  the  theory.  It  is  thought  that  this  reduction  in  the 
high  frequencies  for  the  I8VH  results  alone  is  due  to  atmospheric  absorption,  which  has  not  been  corrected 
for, 

Spectra  for  each  coefficient,  combining  the  two  sets  of  results  are  shown  in  figures  7  and  8  and  these 
confirm  the  good  agreement,  between  the  two  seta.  Again  the  reduction  in  the  high  frequencies  for  the  co¬ 
efficient  of  U8  in  the  ISVB  results  can  be  seen  especially  for  the  temperature  ratio  of  1,7. 

4.  DI8CU3SI0H  OF  RE811LTS 

The  analysis  of  these  results  shows  that  the  noise  from  hot  jets  may  be  separated  into  two 
components  one  of  which  the  usual  mixing  noise  assuasd  to  vary  as  Ue  and  the  other  a  source  which  appears 
to  vary  as  U4. &  It  is  found  that  both  of  these  components  vary  with  total  temperature  ratio.  The  co¬ 
efficient  of  U  generally  decreases  rather  slowly  with  temperature  but  the  coefficient  of  U4  increases 
rapidly  at  small  temperature  ratios  and  tends  to  level  off  at  the  higher  temperature  ratios,  (figures  3, 

4,  5,  6).  These  effects  occur  more  or  less  equally  over  the  whole  spectrum  and  the  spectrum  of  the 
additional  source  is  very  similar  in  shape  to  the  usual  mixing  noise  spectrum.  It  is  possible  that  the 
peak  frequency  is  slightly  lower  for  the  coefficient  of  U4 ,  Because  of  the  good  agreement  between  tvo 
independent  sets  of  results  and  with  the  confirmation  from  tvo  other  sources,  namely  Lockheed  Georgia  Co. 
and  SNECHA,  it  seems  likely  that  the  appearance  of  an  extra  source  is  a  real  effect  and  not  peculiar  to  the 
rig  used, 

A  theoretical  model  based  on  the  noise  generated  by  entropy  fluctuations  has  been  studied  and  in  its 
simpler  interpretation,  the  theory  predicts  an  extra  source  of  monopole  order  whose  intensity  varies  as  U4 
in  agreement  with  the  observed  result.  The  temperature  dependence  can  als<  he  estimated  and  these  results 
are  given  by  equations  (8),  (9)  and  (10).  If  the  variationc  (8)  and  (10)  are  superimposed  on  the 
appropriate  figures,  3,  4,  5  and  6,  it  can  he  seen  that  there  is  a  tolerable  agreement  between  the  measured 
points  and  the  theory.  The  value  of  k  in  (8)  has  been  taken  aa  0.5  in  this  case,  to  give  the  best  fit 
over  the  whole  temperature  range.  Hcwever  a  value  near  0,75  would  be  more  suitable  for  the  ISVR  results 
alone.  Such  agreement  would  normally  indicate  that  the  theoretical  model  was  adequate  and  could  be  used 
with  confidence  for  prediction  purposes.  However  in  this  case  the  simple  interpretation  of  the  theory 
appear  to  be  incorrect  on  a  cloeer  examination. 

In  the  derivation  cf  the  theory  it  uas  been  assumed  essentially  that  the  entropy  of  a  particle  of 
fluid  following  the  motion  in  constant,  i.e,, 
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or  in  other  words  that  the  molecular  diffusion  effects  of  viscosity  and  thermal  conduction  are  absent. 
Bius  fluctuations  in  entropy  at  a  point  are  caused  by  the  convection  of  fluid  parallel  to  the  entropy 
gradient.  Thus  the  rats  of  change  of  entropy  can  be  partially,  at  any  rate,  replaced  by  a  divergence 
which  is  known  to  represent  a  higher  order  source,  in  this  case,  s  dipole.  The  complete  source  term  can 
bo  found  by  examining  the  rate  of  change  of  p-a  2p  (see  equation  ( 1 ) ) .  Using  the  tliermodynsaic 
relation  (2),  equation  (ll)  may  be  written  ss  0 
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With  tiie  help  of  the  equation  of  continuity,  this  expression  may  he  used  to  give  an  equation  for 
3p  which  in  part  of  what  is  required,  i.e, 
at 
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Using  the  continuity  equation  again  to  give  jjp  ,  the  expression  for  the  rate  of  change  of  p~s 
is  given  by  St  0 
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In  this  expression  both  pressure  and  density  may  be  referenced  to  their  ambient  values  p  and  p  . 

The  firat  tar*,  which  involves  the  fluid  dilatation,  is  a  aoaopole  source  because  the  pressure  Esiturfeatien 
p-p  will  vary  as  U2,  sad  gives  a  velocity  dependence  for  the  far  field  variation  of  at  least  IP,  Tha 
second  ter*  is  a  divergence  and  consequently  it  represents  a  dipole  source.  Since  the  space  derivative 
will  be  converted  into  a  time  ilerivative  for  the  far  field  radiation,  there  will  be  an  extra  tvo  powers  of 
velocity  in  the  velocity  dependence  yielding  U®  rather  than  U4  for  the  entropy  ccmpcaeot  of  p-e  2p, 

Evan  if  the  viscous  dissipation  snd  heat  conduction  terms  are  included  in  equation  (l4),  they  dS  not 
produce  a  variation  of  U4, 

However  the  experimental  results  quite  clearly  show  a  U4  variation  although,  if  the  resu’t*  are 
analysed  assuming  that  it  is  Us,  it  is  possible  to  produce  s  satisfactory  fit  to  the  data  at  temperature 
ratios  below  1,4  For  higher  temperature  ratios  however  it  is  not  possible  sad  a  U4  result  it  much 


more  satisfactory.  Him  it  does  sot  seem  to  be  possible  to  reconcile  currently  accepted  theory  with 
the  observed  result. 

There  are  at  least  two  possible  reasons  for  this  discrepancy.  Firstly,  even  though  the  theory  may 
be  correct,  it  is  possible  that  serious  errors  hare  been  made  in  determining  scaling  lavs,  because  in 
a  heated  flow,  the  dynamics  of  the  turbulence  msy  be  substantially  changed.  For  instance  it  has  been 
assumed  that  turbulent  velocity  fluctuation  varies  os  U  and  the  pressure  fluctuation  as  U2  and  this 
may  not  be  correct  in  a  heated  flow.  Secondly,  the  extra  sound  may  not  be  generated  in  the  jet 
turbulence  at  all  but  be  coming  from  some  point  upstream  of  the  nossle,  in  which  case  the  theoretical 
treatment  would  be  different.  At  present  neither  of  these  possibilities  has  been  explored  thoroughly. 

5.  CONCLUSIONS 

Experimental  results  show  that  a  heated  jet  has  an  extra  source  of  noise  which  varies  aa  U1*  and 
increases  in  strength  with  the  difference  in  temperature  {or  density)  between  the  jet  core  and  the 
ambient.  In  addition  to  this  effect,  the  usual  sixing  noice  which  varies  as  U8  decreases  in  strength 
with  temperature  in  the  way  usually  expected  i.e,  it  varies  as  the  square  of  the  swan  density  between  the 
jet  core  and  the  ambient.  A  simile  theoretical  model  based  on  the  sound  generated  by  entropy  fluctuations 
gives  a  very  plausible  explanation  of  the  observed  results,  but  the  theory  cannot  be  justified  rigorously. 
However  the  theory  does  give  a  method  for  the  prediction  of  the  noise  from  hot  jets  and  a  basis  for  the 
collapse  of  data. 
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SUMiUU 


tha  recent  *«r*ful  axteriatntel  (ttulu  of  Lush  mi  other*  iuvs  displayed  result#  for  the 
dinctivley  and  spectra  of  jet  aaisa  which  ere  not  easily  roasncilad  vith  the  no  ratal  di«ario*al  treat- 

“  rlM  J**-  *  li^eMU  a  «"laS  «*»!  entire  .U='  115L# 

Lijhtbill  e  theory  ie  exact,  nevertheless  it  ie  almost  impossible  c  priori  to  eeeluate  the  tiahthill^^ 
source  ftnctiea  T...  Is  Meet  elswsatsry  appliceticce  it  ie  usual  to  *pp rosiest*  T. ,  by  a  ten  proyor- 
ti«Ml  to  the  pt«*£c$  of  the  seen  deceit?  ud  the  seta  hum  of  the  velocity  mi  t£  esteem  thee  *11 
pceeible  sources  riehia  the  jet  flow  cwstribut*  with  equal  efficiency.  For  eaise  e*e*mi««  Ja  the 
Miriiia  regioa  of  a  jet,  tech  «**rari*itic*a  iafer  no  interaction  batweca  the  flow  sad  the  wave  notion 
lending  to  the  suit  tod  camd.  Ex^rinecte  on  the  other  head  that  chances  in  ease  tssmerarure  mi 
«m*  velocity  distributions  do  modify  the  icteceity  md  directivity  of  the  reiiated  uJod  w~. 
seme  festhor  iavsstigatioc  is  needed  into  the  peBerecio*  of  noise  two  titter  flow#. 


*  Mdificstioe  of  lighthill'a  theory  ia  discussed  is  which  pressure  disturbance#  in  the  iet  ar 
treated  ee  «a  inner  fleet  problem  which  ia  watched  to  the  w*ter  flow  radiation  problen.  la  thio  treat - 
wm*  the  source  fuactio*  involves  quadratic  mi  hither  order  Mall  disturbance  terns.  Ihia  anproech 
although  eore  complicated  tathemmeally  tfeea  Che  enact  theety  of  Li*h thill,  has  the  edvaaesrethat:  it 
drawe  et«s*£i«»  directly  to  tho  role  played  hy  the  mum  velocity  mi  temperature  distributives  o«  the 
gemeratiom  end  propagstica  of  the  emitted  wad. 

*  .V-  tWv??fal  *?  lt*  ,i**l**t  **r*  «•  Mduced  us  e  wetter  sheet  medal  cud  tha*  drtan  ecteatiee 
to  Che  stability  cfearoctorietlce  of  the  vortex  sheet.  Is  the  mere  general  treatment  tha  ;:iMlit> 

fj^f***1^**^**  -5**  re*^oa  considered  red  its  least  stable  modes  ate  regarded  ee  doeiaetiae 

the  large-scale  eddy  ustian.  The  linear  stability  thoety  is  aataaded  to  deal  with  a oo  li  swritia*  jud  M 
as  e  remit,  tho  atplltude  of  tho  large-scale  ae'ioo  is  determined.  TM«  i#  cohered  with  the  sutured 
lssgo-ecale  structure  of  the  jet.  Iron  this  model  the  Mia  choree  ter  is  tic*  of  the  source  (lactlca  ere 


n-rri-iTi^t  *****  ewlw*t*  wit*  ,0*B  T'**“iUe  *w®  this  ter  fowalstiea  mad  casparieca  ie  aede  with 
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1.  urraaocctie* 

Ugbthill's  tb*crj  of  aesody&anic  aeiee  applied  to  the  preisle*  of  ebe  aoioe  greet  ctieri  froci  the 
mixing  so*«  of  s  torbeiret  jes  d t&tmto;  for  its  saseeea  os  the  ksewlsdfi*  of  the  propsartiz*  of  tbs  speca- 
tine  uculMet  of  tbs  atteea  rweor  T,  ■  tbreof^Mct  the  aixi*c  regiesi.  Carraatly  aa  theoretical  pr;- 
dlctioee  eaict  for  this  eovariaaca  Md  iw  rc?crimetsi  fata  are  available.  The  llltuln  character  of 
the  Ty  covariance  ia  perfca#*  assr*  readily  realised  vUa  it  ia  stated  it  ievolres,  in  gareral,  fourth 

or  dor  quantities  aad  includes  the  effect*  u S  refraction  tad  ciffrteeioa  of  tba  pressure  field  of  taa 
turfeuiaaco  by  the  flaw  itself.  TVs  difficult!**  is  th*  evaluation  of  tha  T. .  cavarleace  baa  baa*  tbs 
aatjor  (tuaslio^  block  ta  tak leg  detailed  iaraada  late  tba  prediction  of  rales  gasaratioe  frees  jata  mi 
to  a  better  usdara trailer  of  tba  aoise  characteristics  of  tba  &evart.:;e  aoiac.  tba  problea  era  fee  pat 
eaotber  res.  fro*  «kat  ia  Bra mm  of  tba  street  r*  of  taxbaleat  jata  ia  it  possible  to  aat  up  a  suitable 
physical  aedol«  which  wfesa  tad  1st a  Li&itkill't.  theory  era  adoqastaly  predict  tbs  asjer  ebaractarietica 
of  tba  acoustic  radiotiout  A  ndir  of  swch  pbycical  redela  are  described  bale*  ssd  each  te  shore  to 
describe  area  of  tba  aaesatiel  characteristics  of  tie  radiated  raise  uhos  tba  rcaolta  of  tba  theory  are 
coqpa*od  vitk  oryarlaaafc. 

2.  fB  BASIC  matt 


Tba  floe  cores  real  Ire  aqeatiooa  for  a  Kretreiaa  fluid  eaiag  tKOUtkr  Cttteiia  tooaoc  rotations 
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where  t4l  i*  tbs  viscose  senses  tweoc,  Qj  io  tba  beet  flax  rector,  0  * 
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is  the  dissipation 


foKtlso,  b  if  cfca  specific  enthalpy  sad  y  &a  the  ratio  of  tba  specific  Seat*.  Other  apabols  bare  chair 


la  order  to  per  fere  osrtaia  op*  rati  ion  re  these  re  will  also  «tk*  res  of  chair  oorras- 

pociias  fore*  ia  rector  racacisa.  This  ia  piece  cf  I,  2,  3  aa  writ*  reapaetirely 
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is  the  urera  of  the  lacal  eared  apaod. 


te  Ugktkill'c  tbsssey  of  cereimoidic  ret  to  he  seabiuee  the  tire  farriuetive  of  l  rich  the 
dirercaaos  m  2  to  dariv*  m  tsfeanagreo***  acre  «**6t-ie»  for  tba  dawit?  p.  This  epetiai  ia  wrictoe 
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vfcare  Ty  •  ~  *sj  *  Cy  *  o  a^*}  ty  U  the  affectire  ttrase  esc-»or  tor  daatic?  firetreriesa  ia  as 

ssaro^eaeic  flaw. 

The  caet*ap3Qdia£  atretioe.  for  tba  proeear*  ia 
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bath  ferae  or  ti^fitbiil'a  e^eatisa  bare  heea  read  axtaaairely  oapoeially  io  tba  «pprca{»aca  for*  vbtara 
the  ferciat  faacticr  ia  t'e^lecad  ty  }2  w  v  Sore  raaolta  breed  re  this  aad  raiatad  apprrec- 
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o  y.y, • 
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iaatiooa  era  diacetsed  bale*. 


Li jtht hi  11  theory  of  fiaforfynwic  rant#  ia  *ppe*ling  aim!®  it  replaces  the  actual  flov  by  *n 

equivalent  flov  at  rest  la  vfeich  ere  ctsb«d4*4  sources  of  strength  2  «,  which  can  wave  io  this 

a  'a 

9«j  »Sj  * 

uni  fora  fluid  at  rest  heviog  a  couatsat  speed  of  sound  a  •  Thus  in  the  analogy  the  sources  nova  but 
act  ctw  fluid.  Bence  when  Tj  ^  ia  kcotsa  throughout  tha  rSal  flov  tha  vavt  equation  8  can  easily  be 

solved  and  tba  density  f loctuatioca,  aad  thane*  the  naan  round  intensity,  can  b«  evaluated  in  tha 
Hold  outside  the  flow.  But  Ty  cannot  be  aetioatei  by  any  current  theory  for  a  turbulent  flov 
end  haoca  at  east  the  sound  intensity  in  tha  far-field  and  ita  directivity  can  only  be  found  to  tons 
order  of  approidnaeioo.  the  problem  is  neda  nor*  complicated  when  it  ie  realised,  aa  indeed  was 
it reseed  by  Lighchill,  that  T^j  not  only  include#  tha  fluctuation!  produced  by  the  turbulent  flov 
but  also  includes  those  effects  resulting  from  the  interaction  between  the  turbulent  flow  and  tha 
wave  notion  generated  by  tha  flov.  Thus  unices  these  latter  effects  of  refraction  sad  diffraction 
are  properly  included  in  aveiluatiug  Ty  the  final  results  for  tha  far-fi^ld  inteceity  will  be  is 

error  since  these  pbeaoaena  preseat  in  the  real  flov  *111  have  bean  ignores  in  tbs  asalegy.  Lighthill 
*ca  fully  swara  of  these  difficulties  is  the  application  of  hit  theory  but  stressed  that  at  leaat  is 
certain  caeca  of  the  generation  of  noise  ie  aerudynasic  flows  such  pheaonena  would  not  be  of  aajor 
importance  in  determiulu^  the  f«-field  intensity  sad  tha  totsl  acoustic  power  output  from  such  fl<scs. 

It  ie  clear  that  any  isgpraweeaot  in  Lighthill '«  theory  tout  ie  tone  stature  allow  these  phenoeuna  to 
play  a  primary  rather  than  a  accandacy  or  tubaidary  tola  ia  the  foraslatioo  of  the  dominating  equations. 

before  we  tuts  to  this  egpeef  of  cur  problem  let  tra  consider  tha  repsrate  tones  io  T, , .  Tho 
first  tern  ov^y.  is  the  son  riwa^floi  per  ooit  vclune  in  tha  1th  direction  resulting  ftoa  fluid  crossing 
a  etsTfac*  perpendicular  to  tha  j  direction.  Tha  second  tern  -r^  is  just  the  viscous  etrese  tensor 
sad  to  is  a  turbulent  fluid  na  see  twet  ie  is  augmented  by  the  Sayoolda  atraaa  pv.Vj.  The  third  la  re 
(p  “  p  e0^)  ia  aarmlly  ccnaidarcd  to  b*  of  snail  order  in  comparison  with  ov^v.  at  leaat  in  floss  in 

which  the  tenpersturv  only  differs  slightly  froa  tha  ambient  radian.  Outside  tha  flov,  wtetre  only 
■oned  etwee  trial,  tha  flvctsatioea  in  (p  -  o  »o?)  are  identically  taro . 

Many  interpretation*  bs»e  bees  pieced  ce  tha  tern  v2  (p  -  0  >  in  eh*  seat.  Ufeat  ia  sot 

ttaually  stated  hcaaewr  that  in  t-xbnlent  flov  fields  diaturbaacoa  will  ha  predoui neatly  noa-isaasropic 
aw«o  Chough  iwatropic  dUtuth**c*s.  in  the  fore  of  sevad  wevne,  will  be  piuaeat  si  so.  The  general 
etwscicn  for  y«*--c-e  fluctuations  within  a  turbulent  flov  ia  fmn  9 
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whom  priemo  deaots  fl*:tvatic*»;  in  tin*.  £te  tha  other  hand  ia  a  urafc  isotropical ly  disturb*:-  flov 
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it 


"tes  auffia  (i)  denotes  sc  isse*  topic  S lectsatioa.  Stance  on  as  order  of  ncgaltvde  basis,  denoting  v 
for  the  uele&ity  t*»l»  ef  the  catralas-?:  fluctuations,  f  tha  typical  new  speed,  and  i  the  lsngth  9 
scale  at  the  tecbolwt  fltsctej&iaae,  we  find  ia  a  tusbuiact  fie*  i*  which  there  i*  a  cocsicia*  sound 
field. 
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*>*«*■*  *,  *  *“=  e^iffin  fr)  deeatn*  the  rotrtiocaJ  er  acn-iswetteplc  part,  it  enfficivetly  low 

thath  ueAsft  tiw  pcesewr*  fintt^atieae  within  a  flow  cs-«*ld  be  dnsisstad  by  the  disturh«nc*a  due  to  the 
sennd  field.  Is  sbteac*  of  ensed  tewu  pVp  trill  ha  «f  0  CM  J>.  TV  corrvtpondieg  flwctwetione 
ia  sethalpy  et  l*y«M»K  can  be  we  cervine*  by  mehiag  wee  a#  tbe°UK*ari*cd  pectwrhatien  of  the 
egestien  ef  scats 
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tfedtrins  ib»t  ia  lev  Nach  wiu  Close  the  flnctustiee*  in  enthalpy  ir*  dc«i*r,tod  by  the  flactustlcess  ia 
deenit?  usd  tat  of  preesur*.  Therefore  vhea  ie  tanch  fine*  sewed  we  me  tea  tbsent  ta*  eetHalpy  flaet  le- 
tiee*  *t*  j«»t  a  function  of  tin  seas- ieentrepic  part  ef  tin  density  flnctnatiou  sbicb  ar*  wt  naceairrily 

Mach  warie  r  wependeut. 


*t  ««r  *t  « amzla  t«  we  tnnsidjr  t'M  case  of  tin  la*  hitch  amber  no*  in  s  hot  twrbwlent  Jet . 
the  fallowing  hsckImu  rnenite  will  held  for  t  turbnlnat  hteaiti  nncher  ef  aaitr>- 
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It  follow*  that 


£  .  o,  2  sol 


and  haoee  near  tha  csotre  of  tb*  mixing  region  having  an  overall  difference  in  enthalpy  of  and 

in  velocity  of  v:» 


/2  ftj- 
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Tbua  v«  aao  that 
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where  It  i*  a  font  ties  of  hj/ho  only.  the  jat  ic  very  hot,  vith  hj/hQ  »  1,  it  ia  seen  that  the  non- 

di  seas  local  enthalpy  fluctuations  are  nearly  double  fha  corresponding  velocity  f loctuatiooa.  tf*  now 
find  in  low  Kech  ounMtr  flew  that 


(p’  -  p’  a  ')  s  0  (*  d 


aed  ia  laAsyeeJa,-:  c-f  Kae*-  -efeot  as  *  0.  la  l~-a  Kach  number  flows  so  thereby  deduce  that  the  third 
ttm  ia  T.,  ifeaaiaatea  over  tas  ttaaitilj  two  tarns  sad  has  a  magnitude  ir.dapendant  trf  Kith  ewafeer.  t'e 
c«i>  explain  this  reault  xaethe?  way.  It  ia  sot  tha  pressure  fluctuation*  vfeic-it  donisate  in  the  taro 
{o'  -  o'  c  *)  within  a  tatsslaot  flow  het  the  aoa~is«atxoeic  danaity  fluctuation*.  since  as  S  *  0 
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(p'  -  ao7)  *  <i  <o;r)  ao2)  . .  » 

Thtea  results  r*d  gsMtatml  oceeluaisjes  have  only  hacst  obtained  fr««  a  crvdte  order  of  nsgairodn 
asaivais.  they  ic  hoev**r  guide  ee  into  a  ft-rt  coeplata  (aneUtia*  oi  tst  function  is  i.ighthlll‘ 

analysis. 


ji  M  sow  return  te  ago^tisa  I  *e  nste  that 
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un«i«  b_  •  h  »  jv4  so  the  specific  starvation  enthalpy.  This  ewc&tiae  Inmstmtt  twst  tbs  local 
f  lcctaiafiosa  ic  prvesure  ia  a  terbulant  flew  are  jointly  the  result  of  f i*®:t  "tioca  i=  kinetic 
withta  t  sapail  volrste  surrouadio*  the  local  point  and  the  fluctuation*  is  thy  f.-.-e  sf  total  . ...  '  jy 
crossing  the  surface  of  the  vaivae.  lb*  ishPncganaova  aquatic*  for  the  pres  rut*  it  tSersior* 


13-5 


and  the  role  of  the  fluctuation*  in  total  energy  flux,  as  a  source  tare  in  the  generation  of  sound  from 
3  turbulent  flow  when  the  stagnation  enthalpy  is  stay  tiiass  the  static  enthalpy,  h  ,  in  the  nediun  at 
rest  outside  the  flow,  ia  clearly  daaonstrated.  ° 

Ka  have  indeed  established  the  identity 


It  <p "  pao>  8  <y ' l)  w:  ♦  Vij -  pvj <ho  -  V}  •  . 2A 


We  note  for  future  use  that 
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so  an  al tarns tive  fora  for  24  is 
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He  usee  included  the  viscous  end  beat  ‘■jnduatiots  tarat  for  coepletaees*  in  equations  23  to  25.  In 
nsny  practical  applications  these  term  can  howveor  justifiably  be  neglected. 

Sosee  explanation  of  the  source  taco  in  equation  23  io  clearly  c*ce»»siy  sins*  it  differ* 
appreciably  frora  that  given  by  Ligh2hi.ll.  firstly  efesroas  in  Lighthil! 'e  etpretsioc  fes  ?,  j  it  was 
daducsd  that  sound  is  generated  by  fluctuations  is  sen*nten  Jlvs  »*  now  find  that  wound  is  generated 
'.hrougb  the  second  sourer  tern,  in  addition,  directly  frost  the  fluctuation*,  in  hinacis  snargy.  Tirslly 
tfcu  flwstMationc  in  total  energy  flus  acroea  surface*  within  the  flow  result  in  seurd  eesoretiot.  tbaee 
indued  ora  new  end  significant  results. 

the  solution  of  aquatic®  23  tekou  over  s  volute  V  enclosed  *•»  a  surfsca  3  ie,  following  Curia, 
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wiere  [  j  d*«s>t*s  evoluetion  *t  sh a  retarded  klm  t  -  s/a  ,  ul:»  ia  *  zl  i*  the  disgrace  fso* 
source  to  observes  c  is  tho  oatstri  sjcael  ftxas  Chj  voles*  of  fluid  t.V  tbs  surfer*.  following  Curie'* 
aualysiu  find  that  eifcsr  application  of  the  divergaa:a  tteoraa  twice  eqcarioa  2e  rwSucea  so 
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at€rt  K\  ?se  the  direction  *  ossifies  of  the  uwtwerd  noreol  to  tbs  surface.  Tta  eeeseaposdiwj  result 
cbCeitad  ty  CvJe,  alltvitg  for  the  fasts  that  we  are  sslsifig  for  ptnsescte  u&esstts  Curie  solved  tsr 
<*ef-  Icy 
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l&e  differences  betvesa  27  and  28  11a  entirely  in  the  uce  in  27  of  the  expended  form  of 

k  <p  -  • 

Ha  note  or.her  foas  of  27  can  be  derived  but  for  our  purposes  this  appears  to  be  the  tost  convenient 
one. 


In  the  far-field  at  anay  rave-lengths  frost  the  flcv  27  becoaei,  for  cases  where  the  surface 
integral  is  unimportant. 


(P  "  P0)(M 


t) '  (pvj  ~  Tij  -  ^ 

4ta;  V  »<•'  1  1  J  i 


dV 

r 


♦  J-  ^ 

4«  „ 


dyjSt 


+  Vu  +  pVjC‘o  ’  V)1  tfV 
b  !•  r 


29 


If  we  denote  a  typical  frequency  it  the  flaw  in  a  fraw  at  test  as  then  the  contribution 

o 

per  unit  wltsee  of  che  fleet  intsgrcl  In  29  to  the  total  acoustic  power  output  is 
,  4  „  5 

-ST.  -  p  ¥  J  which  i*  the  uiual  result  for  a  voliae  distribution  of  quedrupole*. 
Z  „  i  S  o  o 

o  o 


For  the  second  integral  we  wist  first  note  that  strictly  the  equation  of  continuity  has  not  be.-e».  used 
in  the  detivetica  leading  to  26,  27  or  29,  Thus  although  it  appears  to  have  a  Mgaitud-  of  0{H  wa 
find  thet  it  is  si so  possible  for  this  tare  to  be  C(H  *>,  This  arises  since  the  non -viscoie,  n 
two-V.st  cMd*««*.i  on  tera  is  ° 
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Thus  the  contribution  to  the  tote1  acoustic  power  output  pc;  unit  volt**?  is 


TiVj  eetoud  integral  in  £9  is  trn  taper  tact  in  the  »<«  of  a  sold  jet  but  in  s  hot  Jet  velocity  and  density 
fSueewrtief#  are  amplified  by  the  Sera  (S*i-  Su.)  w3*re  Kg 4  is  the  muu  ifseeific  total  eastgy  in  the  cot* 
oi  a  hot  *ec. 


The  jeenrsl  Peebles  oi  eh*  eesiuofeie#  oi  voltasu  integrals  involving  div  gy  can  be  i Hue tr seed 
further.  SPaa  the  equation  «f  continuity  wu  turn  the  identity.  “ 


On  application  of  the  divecgtac*  theerwo  end  n&tmi eg  tbet  the  surface  integral  vanishes 


*4  (*5  ■*  Sfi) 

,  xfafct*  v  »■  . . i«  tba  oi  velocity  in  the  direction  Iron  £  to  *•  He  *ota  that  lu 

a  r 

the  estate  ic*  of  thus  lenity  htrt  roUIfera-1  f*3t  of  f#  to  the  iliv*t$anc*  is  sew  »  that  <sv  appearing  in 
31  espeasaate  easy  the  ittstatis**!  6«SJrit*ti*«,  ?lua  fro*  31  ns  cm  that  * 
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»  raawlt  ttws  Sidh  fee  irromioaai  (or  Isantrspic)  oat  iotetloaal 


dietnrb*6a«.  ttesNS-fW*  rtf  atria*  N*-J:  tu  SO  *a  &m  tfmto  ie  s  difficult?  fa  piscitg  sn  ordsr  of 
uagai«wfs  fee  p«i  affv.tr  is*)  &n  ted  *Yfi  S/*£  #!<*-'/.  I>?  the  f«*n  fives  on  the  right  hand  etde.  Je  which 
the  egutln  *r,e*irt*aMi?  *68  elWsTjr  fetch  «*£!*?*£,  s*?  such  diffiwilty  esist*  for  iwj  wi  tr  ere 
Shtlt  tstul  ficct**tia*  *>!«».  ft  M.  an  the  ether  hoed  v„  refers  re  cte*  aartiele  wiocit?  (irrotstltma^ 
end  aot  ts  the  fettf  frtaseehfcSuS#  mlueUe.  U  vecticslaer  vg  te  feet  pVap<uttoael  c*  V0.  Other  feme  of  30 
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can  bs  used  to  justify  the  results  in  this  section.  For  instance  noting  that  for  any  scalar  quantity  X 


we  see  Chat 
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which  letjS  to  Che  *a~e  order  of  magnitude  results  quoted  above.  A  further  comparison  with  experiment 
i  j  made  in  iat‘  t  section. 


So  far  <*■  have  concentrated  on  an  investigation  of  the  term:  in  Tjj  involved  in  Lighthill's 
theory  of  t'  odynastic  noise  tlth  a  view  to  seeking  their  respective  orders  of  magnitude  and  their 
variation  with  the  Mach  Kusiber  of  the  flow.  We  now  turn  to  one  other  aspect  of  Lighthill's  inh erogenous 
wave  equation  ft*  the  density  within  and  outside  a  turbulent  flow.  In  this  foraulation 

2 

Ty  pw^v.  -  i . j  +  (p  -  pao  )  ia  only  relevant  in  solving  aerodynamic  problems  when  it  is 

iadepender',  or  nearly  so,  of  the  density  fluctuations  within  the  flow.  Thu*  the  right  and  left  hand 
kid-*  cf  the  inhumoganeous  wove  equation  are  then  regarded  as  independent.  It  follows  that  if  tetv.o  in 
’i£j  exist  which  are  linear  in  the  disturbance  density  then  theae  cannot  be  regarded  as  'source  terns  out 
muse  oe  grouped  along  with  the  other  linear  tana  in  p*  on  the  left  hand  aide  of  the  inhomogeneous  wave 
equation.  They  represent  phenomena  auch  as  refraction,  convection  and  diffraction  of  density 
fluctuations  ganerated  within  the  flow  and  influancad  by  it.  If  such  terms  appear  on  both  aide*  of  the 
equation  than  a  solution  of  the  resulting  integral  equation  can  only  be  solved  by  iterative  methods. 

We  tharefore  seek  a  formulation  of  tht  equation  for,  say,  the  disturbance  pressure  in  which  the  'source' 
term  is  to  a  good  approximation  independent  of  the  disturbance  pressure.  From  the  discussion  above  it 
opperrs  that  the  dominant  source  term,  in  the  generation  of  noise  from  turbulent  flows,  should  be  that 
associated  with  the  rotational  components  of  the  fluctuating  velocity  sud  the  non-iaentrcpic  part  of  the 
density  fluctuations.  Further  whan  pr tenure  ie  thes  dependent  variable  no  tern  involving  pressure  can 
appear  in  the  source  function. 


We  conclude  this  suction  by  re-emphasising  the  problems  in  the  evaluation  of  volume  integral*  of 
the  'source'  function  when  that  function  is  nearly  a  -  -plate  divergasice.  We  find  that  such  a  tsns  of 
isonopole  type  degenerates  into  a  dipola  term,  i.e.  a  pole  of  one  order  higher  in  magnitude,  and  no  on. 
However  there  can  he  problama  arising  in  performing  this  operation  as  we  have  seen  in  equation  31  above 
thus  a  ronopole  term  like  3_^  cannot  b»  .  eplec.id  by  *  dipole  term  just  because  |£.  .  ■  pVj  vithout 

considering  in  iom  detail  as  to  hew  this  tarn  should  ba  Interpreted.  In  this  case  we  observed  that  the 
velocity  in  che  dipole  tens  was  not  the  totil  velocity  in  a  turbulent  flow  but  only  its  irrotational 

component.  It  would  the  *K  re  appear  to  be  essentia!  to  replace  all  'source'  Unu  involving  3,  v 

—  COVjX) 

by  their  expanded  forma  and  employing  tha  equaticn  of  continuity  before  evaluating  its  order  of  magnitude 
or  dependence  on  velocity  cay.  Thus  in  tha  present  case  the  full  solution  of  tha  inhomogeneous  veve 
equation  for  the  pressure  can  be  written, 
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momentum  flu*  and  mats  flux  acrosa  surfaces  a*  well  as  related  fluctuations  in  the  total  energy  flux. 

It  is  of  couraa  not  implied  that  all  theae  additional  teroa,  from  those  noted  by  Lighthill,  lead  to  an 
order  of  magnitude  greater  than  the  contribution  to  rh*  noiae  intensity  from  the  vell-knovn  quedrupol# 
tera  pvjvi.  What  is  implied  that  theae  additional  terna shaving  there  origino  in  the  fluctuations  in 
temperature  withia  the  aerodynamic  flow, cannot  be  ignored  without  due  note  of  their  order  of  magnitude. 
One  euch  case  ia  that  of  low  apaed  hot  jet  flowa  which  will  be  considered  later. 

3,  A  GENERALISES  WAVE  EQUATION 

In  thia  lection  we  will  derive  a  convective  wave  aquation  which  avoida  soma  of  the  difficulties 
experienced  with  the  use  of  the  Lighthill  source  function*  Ha  commence  with  equations  50  6  and  7*  On 
conducing  6  and  7  we  find  after  tow  rearrangement 
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a  result  corresponding  to  equation  22  and  therefore  having  a  similar  significance.  Prom  the  'mechanical 1 
energy  equation  found  from  the  acalar  product  of  v  with  6  we  derive  the  remaining  part  of  Dr  i.e. 
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A  core  sntlsfactory  aquation  for  fluctuation*  in  r  therefore  need*  to  be  found  and  thl*  has 
been  the  subject  for  detailed  investigation  by  LillayC5)  and  co-worker*  for  a  number  of  year*.  An 
equation,  which  i*  suitable  for  slowly  diverging  shear  flows,  hns  been  obtained  and  is  such  that  the 
'source'  function  contains  no  tens*  linear  in  the  dependent  variable  r'.  The  left  hand  side  of  the 
equation  includes  gradient  terns  involving  the  nean  velocity  and  Che  mean  temperature  or  enthalpy. 

Ve  asauae  that  such  gradiant*  arc  slowly  varying  function*  of  Che  distance  downstream  and  are 
dominated  by  their  value*  in  the  transverse  direction.  The  equation,  which  is  of  third  order  in 
r',  is 


D_  (I2  V2  v')  _  D_  3rJ_ 
Dt  3x,  Dt  3x2 


3S|  3Xj 


A  (»,  t) 


40 


“here  £_  ,  ,  vi  in(j  y  *ad  ,  ate  respectively  the  mean  speed  parallel  to  the  jet  axis  end 

the  aaan  apead  of  sound.  Both  v,  and  a  are  ai limed  to  be  strong  functions  of  the  transverse  coordinate 
*2  but  are  also  weak  functions  of  the  axial  coordinate  Xj.  This  equation  can  alao  be  written  in  tens 
of  axiiymnetrlc  coordinates,  (r,  8,  x).  The  'source'  function  A  (x,  t)  involves  products,  squares  and 
highar  order  products  of  the  perturbation  quantities  and  indeed  ve  flud  it  contains  two  groups  of  such 
quantities  one  of  which  is  multiplied  by,  and  it  therefore  augmented  by,  the  nean  flew  gradients. 

A  (x,  t)  being  a  non-linear  function  of  the  perturbation  quantities  is  a  truej'source'  function.  Our 
main  difficulty  la  that  ve  have  replaced  a  seemingly  sisple  source  function  3  T,j/3x^  3*j  in  Lighthill'e 

theory  by  one  which  is  more  complex  and  for  which  the  physical  significance  of  the  individual  tens  is 
far  from  obvious.  Nevertheless,  although  this  night  be  regarded  ss  a  major  objection  to  this  fon  of 
analysis,  the  formulation  of  the  inhomogeneous  generalised  wave  equation  for  the  variable  r  hat  certain 
•pacific  odvanteget  over  Lighthill's  seemingly  simple  attack  on  the  problem  of  aerodynamic  nolsa.  The 
notable  advantage  it  that  the  first  order  effect!  of  refraction  aed  convection  are  included  in  the  left 
hand  side  of  the  equation. 


The  method  of  solution  of  equation  40  presents  many  difficulties  and  to  date  no  formal  analytical 
solution  is  aveilablx.  The  sain  attempt*  so  far  have  bean  associated  with  the  development  of  atrip 
theory  methods  which  aim  at  finding  t ha  contribution  to  the  far-field  intensity  from  a  local  atrip  or 
•lice  of  the  turbulent  flow  allowing  for  the  influence  and  interaction  between  the  upstream  flow  and 
the  turbulent  flow  at  the  downstream  station  under  consideration.  This  effect  of  'txMtory'  in  respect 
of  the  disturbances  present  at  a  given  station  appears  to  be  of  major  importance  a*  seen  from  the 
experimental  work  of  Crow<6),  Fishart?)  and  hia  cowrters  and  othars.  The  related  approach  sasuats 
Chet  tba  local  turbulent  » true Cure  is  in  equilibrium  and  la  detaraised  completely  by  the  local  tina 
averaged  values  of  velocity  and  temperature  and  their  distribution.  It  is  further  argued  that  at  each 
station  along  the  jat  the  fluctuations  in  velocity  era  dominant  in  a  certain  frequency  and  hence  the 
spectrum  of  the  radiation  noise  receive*  it*  main  contribution  in  •  given  frequency  bsnd  from  one 
section  of  the  jat.  (The  question  of  the  value  of  this  dominant  frequency  at  each  section,  end  it* 
dependence  on  tha  large  scale  structure  of  the  local  flow,  £•  the  subject  of  •  (apatite  investigation). 
Thus  with  this  model,  apart  from  tha  inclusion  of  the  Men  flow  affects  in  the  laft  hand  side  of  the 
generalised  convective  wave  equation,  the  evaluation  of  the  far-fiald  intensity  is  similar  to  that  in 
Lighthill's  theory.  In  both  theories  it  is  assumed  that  the  relevant  source  function  is  known  so  that 
its  epace-tim*  covariance  can  be  formulated  at  least  to  some  acceptable  approximation.  In  this  type  of 
model  it  is  found  that  the  results  for  the  intensity,  spectrum  and  directivity  tr«  not  greatly  dependant 
on  tha  form  chosen  for  this  covariance.  Esther  it  is  the  manats-  in  which  the  scaling  functions  of 
length  and  time  involved  with  the  slowly  varying  character  of  tbs  progressing  flow  to  distance*  stove- 
ecreom  that  governs  the  characteristic*  of  the  far-field  radiation. 


Out  ts asocial  difference  exists  between  this  model  and  that  based  on  Light-hill 'c  acoustic 
analogy.  In  the  latter  ell  sources  distributed  tfcuossgbout  the  turbulent  flow  radiate  equally  efficiently. 
In  the  model  used  here  this  is  cot  to.  Tha  characteristic  equation  for  a  parallel  siring  region  at  a 
local  atrip  doveaermam  of  the  turtle  exit  can  be  wrictem  (with  %  equal  to  the  sadist*  in  cylindrical 
polar  coordinates) 

A 

— f  *  q(E)t  -  h(e>  . . . 41 

dt* 

where  5  ia  the  Fourier  ccni'fieieut  of  the  fluctuations  of  r  amd  is  a  famecloa  of  tba  axial  and  eircon- 
fervstial  coa^caant*  of  wavv-ovefcor  and  frequomey.  q{8)  m  h{(t)  are  deterefaed  from  the  kno*-c_£ro par¬ 
ties  of  tin  flow  tt  thie  station,  The  ftr-ficld  intensity  end  qwetne  can  In  data  reined  fro m  cc*.  It 
la  feumd  that  Ligithili’s  result  that  ell  eotrcaa  contribute  to  the  fat-field  intensity  in  my  give*, 
dircctiv'c  diot  not  r^-'y  else*  q(5)  jessaeasne  tmcaft.iea  geias*  sm4  theme  modify  the  solution  to  th* 
leiatsagenaoc*  vm-eqrttite  to  tint  of  tin  diffraction  equation,  the  ratal t  ie  that,  i*  crrtaW  d£v-^  • 
Moo*  dagaadtsg  o*  wave  tom. her,  frmqwnmcy  ttf  tha  local  fee*  eemmer  t^e  rpJiitisn.  1m  •  parti  eel  s  r 
<M  rsrti  os  tt  rive  rely  etttauvtai  **  competed  with  fb*  tadietjee  to  other  di.acHeaa.  la  the  Ugh 
frtqciecy  limit  the  eo-c ailed  cmt-elf  at  urns’ 1  eagloe  le  litatical  with  What  rm  wewld  cslcwtst*  s* 
rh*  kuK  of  the  effect  of  tefracclta  lu*4  oij  rgy  nemaetiee.  Tha  theory  boxed  e*>  tfe*  diffraction 
*q«tl«s  41  l»  hewevutr  valid  at  *11  ere*  evnOcre  mag  fffoMciee  e*e*pt  in  so  far  me  tfe*  local  perallel 
»4t*or  Hew  modal  is  a  fcaoeaafei*  r-eprveeetotsc*  of  the  true  slsvly  diverging  shear  flew. 

So  let  iota  of  e^aatioc  41  cam  be  obtained  for  nrtitary  mmvrce  function*  «4  their  distribution. 

The  salet-iem  eromnd  it*  trsaaftios  points,  tbs  -Sernas  of  qti>.  hove  ben*  fmsd  by  HUlliys,  Lilley  and 
mom  rbcenily  by  ftt*?8?  ie  tarm  of  Airy  feocsion*.  Serb  as  tut  loot  new  valid  aver  s  vide  mg*  of 
fen^eoncy  ami  neet-imiar.  It  is  ponefble  that  a  mmasricml  ma  1st  ion  mew  femf.eg  mnAerea&nm  will  nxtemd 
the  t-msage  eg  current  oelscinca  of  this  •qnmtiwa. 
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the  usefulness  of  such  solution*  depend*  critically  on  the  eource  function,  at  least  with  regard 
to  it*  epectrun  aroun-  its  band  of  dominant  frequencies.  Experiment  confirm*  that  these  dominant 
frequencies  are  closely  related  to  the  doainant  nodes  of  the  shear  layer  as  evaluated  according  to  linear 
theory  and  ssodifiad  by  non-linear  treatment  to  include  the  effects  of  mode  distortion  due  to  vortex 
stretching  and  the  effects  of  finite  growth  towards  a  finite  amplitude.  Although  th*  complete  relation¬ 
ship  between  these  mods*  and  the  large  scale  structure  of  the  turbulent  notion,  the  effects  of  the  inter¬ 
mittent  nature  of  the  turbulent  flow  end  phenomenon  such  as  turbulent  bursts,  are  not  yet  fully  under¬ 
stood.  it  is  clear  that  a  working  model  ia  being  evolved  for  the  large  scale  structure  of  the  turbulent 
sheer  flow  fron  which  the  source  function  esn  be  evaluated,  Ifcswavsr  aa  emphasised  previously  it  is  the 
changes  in  the  slowly  varying  structure  of  the  shear  layer  which  appear  to  dominate  the  characteristics 
of  the  sound  radistion.  It  is  because  of  this  that  experiments  on  the  effective  noise  source  location 
in  gi'*n  frequency  bands  are  urgently  needed  to  confirm  the  nleoentary  calculations  which  have  been 
performed . 

4  ,  COWAaiSON  WITH  EXPEEECHI 


In  a  uniform  hoc  jet  iaFuing  from  a  nosela  into  a  stationary  atmosphere  the  rolse  generated  in 
the  mixing  region  css  be  evaluated  from  aquation  34,  which  ia  repeated  here  for  convenience. 
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Ue  have  neglected  ell  viscous  and  hast  conduction  cans.  The  far- field  sound  intensity  per  unit  volume 
of  mixing  region  can  tnarafore  be  written  in  the  following  form,  on  introducing  velocity  and  length 
seals*  iu  the  turbulent  flow  of  sr.d  tQ  respectively,  snd  on  th#  aaetaption  that  th*  various  integrals 
are  uccorrelatcd  one  to  another. 
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42 


what#  suffix  'o'  depots*  a  soiteblo  mean  value  snd  i  Is  the  local  v.  ith  of  the  flow. 

On  inserting  suitable  valmms  Set  the  vmricua  quantities  appearing  in  wquaties  42  we  see  that  the 
fee-field  eoi#*.  ioteseity  can  be  writs*® 
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osastaat,  vtsitk  is  of  ordar  unity*  in  the  expression  for  j  should  ho  .  ve*&  function  of  the  ratio 
hj  Its  this  esetiea  1*  the  jet  exit  velocity  sad  fcsj  is  the  JCsjjfctCt&e  specific  eatSwlpy  *t  the 
jet  exit  with  h.  the  ccrreepocAii-g  vein#  of  the  specific  static  eetkelpy. 

Sow  is  the  rsetet  attfel  eveerieemts!  stow  ice  cm  hot  jets  ami*  b?  leak  ,  Cock  Jag  Snd 
iseieeotr  - ,  (.sab  fe*,i  shot*  that  tfi&i  SgTaeawet  exists  between  the  diifarest  sett  of  crperiweaeal  data 
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It  can  however  >m  queried  as  to  why  the  term  in  in  equation  42  and  the  corresponding  term  in 
equation  43,  do  not  figure  in  the  experimental  result*.  However  although  a  replot  of  the  experimental 
data  demonstrate*  clearly  the  pretence  of  «n  intermediate  range  of  Mach  number  where  a  M  ®  law  hold* 
little  ia  gained  over  the  establishment  of  the  law  for  the  asymptote*  of  the  intensity  curvs  at  very 
low  and  very  high  subtonic  Mach  numbers. 

At  stated  in  Section  3  the  elementary  results  obtained  from  the  solution  of  the  convectsd  wave 
equation  indicate  the  to-called  high  frequency  cut-off  at  small  angles  ae  it  found  in  experiments  such 
as  those  reported  by  Lush.  Other  feature*  of  the  calculated  results,  such  aa  the  Attenuation  of 
certain  frequencies  in  certain  angles  depending  on  the  Mach  number  of  the  flow  and  the  wave-number, 
have  to  be  cospared  in  detail  with  experiment.  At  angles  other  than  cut-off  some  of  the  results 
obtained  from  the  solution  of  this  equation  will  not  differ  greatly  from  those  of  Lighthill'*  solution. 
Thus  it  it  of  interest  to  display  thu  detailed  results  found  from  Lighthill'a  theory  .hen  a  reasonably 
good  approximation  to  the  flow  field  is  incorporated.  Man;  of  the  foeturaa  of  this  calculation  have 
been  given  before  (H)  but  the  more  recent  calculations  have  displayed  many  intereating  features  such 
as  the  slow  variation  in  the  peak  Strouhal  nuaber  with  jet  exit  Mach  number  and  the  characteristic 
■lope*  of  the  low  end:  high  frequency  parts  of  the  cpectrue,  Further  results  are  that  roughly  half  the 
total  radiated  noise  is  generated  in  the  mixing  region  upstreea  of  the  end  of  the  potential  core.  This 
result  ia  trua  for  jsit  exit  Mach  numbers  (Vj/*Q)  leas  than  about  2  and  where  the  jet  is  shock  free. 

5-  CONCLUSIONS 

Although  many  of  tha  overall  feature*  of  jat  noise  are  well  predicted  by  Lighthill'a  acoustic 
analogy  theory  of  aerodynamic  naiae  nevertheless  it  ia  found  that  a  serious  defect  in  the  theory  i» 
that  in  lea  applications  the  interaction  between  the  flow  end  the  disturbance*  generated  by  it  cannot 
readily  bo  incorporated.  An  attempt  at  including  th*  essential  feature*  of  this  interaction  fora  the 
sutn  direction  for  the  present  work  reported  in  this  paper. 

However,  it  it  alto  demonstrated  that  certain  features  of  the  Lighthill  theory  hav*  not  previ¬ 
ously  beta  uncovered  such  as  the  effect  on  the  radiated  noise  at  low  Mach  nuabert  from  jets  st  elevated 
temperature*.  It  is  shown  that  as  tha  Mach  number  is  reduced  the  noit*  no  longer  followe  a  V&  law,  as 
for  a  cold  flow,  but  progressively  changes  to  >  V*  law  at  sufficiently  low  Htch  numbers. 
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DISCUSSION 


ProOiicbalke: 

I .  The  Equation  (24)  derived  in  the  paper 


~  (P  ~  ao *p)  s  (7  ~  ’*)  “■  (Oj  4  VjTjj  +  pVjOio  -  hj))  -  5L_ -  -1  (pvj2) 

seems  to  indicate  that  for  an  invijeid  and  non-conducting  flow  with  small  changes  of  enthalpy  h  ^  h0  the 
tern  3/3t(p  —  ao3p)  does  not  vanish.  On  the  other  hand,  using  the  equation  of  state  and  the  thermodynamic 
relation 

±  .  (±\{h  ,-(S-ScVep 

P«  \Po/ 


where  S  is  the  entropy  and  Cp  the  heat-capacity  coefficient  at  constant  pressure,  one  can  easily  derive  the 
equation 


—  (P-*C2P)  3 


This  equation  shows  that  for  h  **  ho  the  term  (3/3t)/(p  —  a#3p)  is  non-zero  only  if  entropy  fluctuations 
would  be  present-  Can  you  show  that  in  this  special  case  the  remaining  terms  are  identical  in  both  equations? 

2  Equation  (12)  implies  that  the  pressure  fluctuations  p'  will  be  of  OfMo1)  in  absence  of  sound  waves. 
Contrary  to  this,  Fuchs  (1972)  found  in  the  core  of  a  jet  p'  ~  Qip0V\i')  where  0  is  the  mean  speed. 

Could  you  please  explain  how  the  estimate  (12)  has  been  derived  and  what  assumptions  have  been  made? 


y:  In  reply  to  the  comments  by  Dr  Mkhalke  I  agree  with  him  that  entropy  fluctuations  are  always  present 
i>  1  .1  nows  and  hence  are  source*  of  note  even  in  cold  flows.  In  his  second  question  I  have  assumed  that 
u‘  ~  d  in  the  expresaku  given  by  Fuchs  to  that  p'  is  0(Me3 ) . 


MECHANISMS  OF  EXCESS  JET  NOISE 


D.O,  CRICHTON 
Mathematics  Department , 

Ingjerial  College  of  Science  and  Technology, 
London  S.W.7,  England. 


SUMMARY. 


Excess  noise  is  a  term  used  to  describe  the  deviations  of  measured  noise  fields  from  the 
predictions  of  Lighthill'fl  theory  of  pure  jet  mixing  noise.  This  paper  defines  the  current  state  of 
theoretical  understanding  of  those  excess  noise  fields  which  are  not  directly  attributable  to  rotating 
machinery,  or  to  shock  waves  in  supersonic  jets.  It  is  shown  that  unsteady  flow  interaction  with  the 
jet  pipe  jan  generate  intense  forward  arc  and  sideline  noise  levels,  while  abnormally  high  rear  arc 
levels  are  suggested  to  arise  from  the  propagation  of  genuine  sound  fields  across  the  exit  plane,  with 
associated  refraction  and  diffraction  effects.  A  further  process,  not  yet  properly  quantified,  is 
related  to  the  instability  of  a  (fully  turbulent)  jet  to  certain  preferred  large  scale  disturbances,  and 
leads  to  a  mechanism  ("parametric  amplification")  by  which  internal  sound  fields  may  be  greatly 
augmented  in  either  the-  rear  or  forward  arcs. 

1,  INTRODUCTION. 

Broad-band  deviations  from  the  predictions  of  Li gh thill's  theory  of  jet  mixing  noise  are 
particularly  apparent  ir.  the  sideline  direction,  and  in  the  forward  arc  of  the  aircraft.  Rather 
similar  deviations  are  found  in  model  experiments ,  in  high  by-pasa  ratio  turbofans,  and  in  high  speed 
turbojets  operating  at  reduced  power  settitt-*,  They  are  not  necessarily  related  to  machinery  noise,  or 
to  shock-turbulence  interaction  in  imperfectly  expanded  supersonic  jets.  In  many  cases  a  critical 
situation  arises  in  the  approach  and  flyover  phases  of  aircraft  operations,  in  which  the  forward  arc 
oroad-band  noise  field  may  be  coeqiletely  dominated  by  "excess  noise”.  In  part  this  is  due  to  the  fact 
that  excess  noise  sources  tuy  t-e  sufficiently  powerful  to  be  readily  detectable  statically  (as,  for 
example,  in  the  series  of  experiments  conducted  by  Gordon  on  spoiler-generated  noise  |1|).  In  part, 
however*  it  is  also  -*u*  to  the  fact  that  flight  effects  on  mixing  noise  and  on  excess  noise  may  be 
very  different,  being  capable  in  some  cases  of  significantly  amplifying  forward  are  excess  noise, 
while  suppressive  mixing  noise,  with  the  result  that  excess  noise  fields  which  are  undetectable 
statically  may  become  dominant  in  flight.  Examples  of  such  effects  are  pro-ided  by  the  SASA/General 
Electric  flyover  tests  |2|  involving  a  variety  of  suppressor  notU.es,  in  which  virtually  every  possible 
combination  of  increese  or  decrease  in  rear  or  forward  arcs  is  exhibited  by  different  nottles  in  flight. 
Thus,  while  there  is  clearly  no  possibility  of  sey  universal  excess  noise  source,  or  of  any  universal 
forward  speed  effect,  it  is  squally  clear  that  model*  of  possible  proceases  are  badly  needed,  by  which 

correlation,  presictico  and  control  techniques  could  begin  to  be  formulated,  at  least  Ter  sosse 

categories  of  engine. 

da  far  back  as  1965,  tvo  possible  oechaniem*  of  excess  noiae  were  clearly  recognised,  though 
detailed  quantification  of  the  process**  it  a  much  acre  recent  setter.  This  paper  offers  a  brief  review 
of  the  basic  feature*  of  the  relevant  theoretical  work,  with  essphsoie  c:i  properties  which  night  lend 
theaselvs*  to  source  identification  experiments ,  and  to  the  development  of  ccrrelstieo  techniques.  The 
two  mechanisms  referred  to  shove  cctscom  (i)  the  generation,  by  obstacles  within  the  tailpipe,  of 
unsteady  flow,  which  then  generate*  sound  by  interaction  with  the  nettle  ma  the  unsteady  flow  is 

cqovcotsd  dowR*tre*S  aero#*  the  exit  plane,  and  (ii)  th*  generation  of  noise  by  unsteady  flew  around  tr. 

obstacle  within  tbs  tailpipe,  the  noise  then  propagating  as  agufi-3  down  th*  tailpipe,  suffering 
diffractiexi  by  the  nosale  ®3d  refraction  by  the  ailing  layer  in.  Tbs  path  to  th*  ambient  air.  (No  clear 
distinction  can,  of  ecu?**.,  be  nade  between  !i  ’  and  (ii)  unless  the  otetacl*  cof.cerasd  is  sore  than  a 
eh  tract*  ri  *  vie  wavelength  upstream  of  the  outlie ;  equally,  there  i»  no  absolute  significance  in  the 
exit  plea*  as  the  sound  source  ir.  (i)  -  any  plane  within  a  wavelength  of  tha  exit  is  equivalent  to  it.) 

A  third  w*chani*e  i*  tanceroed  with  the  jet  ax  a  '‘high-gain  *3pl»fi*r"  e-f  internal  soise  {*0  use 
Crow’*  [ 3.|  twrmiaclca*' ) ,  as  issue  which  i*  sasniioaed  again,  below,  and  then  diecusced  at  greater  length 
in  |b. 

In  tic  next  section  ve  lock  at  the  results  of  tone-  theorctinai  todelv  relevant  Vo  the 

Sn'.oractitte  of  unsteady  j-rt-esure  fields  with  ia>.fsK^»n**us  aarfare#  auch  as  the  engine  tailpipe.  Svctiea 
3  lien  review*  current  knowledge  or,  th*  qoeeticr  of  *cur4  profagatiao  out  cf  a  jat  pipe,  sheet  yhics  a 
masher  of  problems  rejaaic  epeo.  Cue  iaaue  is  particular  i*  raiMd  fey  the  fact  that  the  situation  of 
interest  concerts*  the  proeAg-etvon  or  astsiS  cut  of  th*  espen  er.i  of  a  j*t  pip*  in  the  preseh-c-e  of  finv.  In 
that  situatioe,  a  a  cut.  4  wave  travelling  hovr  th*  tailpipe  eae  trigger  off  uastahie  *cdes  on  th* 
iswr.etreaa  hear  layer,  a  pheacwfnsa  which  Cjw  |  J>  ha*  shown  to  occur  eves  in  experiaesit  a:  «  high 
tpeed  rally  turbulent  shear  Uyer.  Ax  veil  e*  gene  rating  a  pfiwwy  wound  field  of  their  own  (the  field 
examined  by  Crow),  the  abatable  modes  rwset  sack  cc  the  aotele,  gw*  rating  the  tax*  acre  cf  inis  rentier- 
tewed  fields  as  SirCusteS  ia  is,  disi*  is  «a  aspect  of  th*  picbl**  wMcS  ha*  sacapeS  the  c? 

previous  cc.wtti retort .  It  4*s«rv*s  attestios  primarily  because  the  interaction  secajd  field  generated 
by  ucat tbit  shear  layer  oadilaiiacs  ha*  a  directivity  quit#  di fferent  s>sc  that  cf  tie  diffracted 
eocxsi  field  vbsch  ha#  here  the  a  object  of  a*sy  wtudie*.  Accc-.disgly ,  fi  vet  *  forth  currr  -,V  ideas  ers  the 
trip!*  ietetasti.ee  between  aft  incident  Sound  wave ,  «  jet  pip*,  a*sd  u  ocstahlw  shear  layec- . 

At  so  it«n  i*  scy  nathcaeti sal  -detail  act-  cut  b*r*.  Tfe*  aim  th  teughesit  i*  to  show  fcev  *v«ra 
sv,e«ly  sixpli fi«4  ssofel*  y;  th*  physical  p roc-s* s« s  -an  leal  to  tisqpl*  &-iei-sptio@*  of  the  acwca  field, 
and  that  t**a*  Oiscrv-Tiioce  ,  at  the  very  least,  a  great  6**i  ia  coasts.  with  the  re  the  r  curious* 
feature*.  cf  th*  excess  seise  fields  fcaed  in  prattle*. 


1 4-; 


suss  from  flow-su?.:-;.'^:  i.*rrE?Acriu< 


In  Ligh' 
specification  of 


j  or  turbulence- generated  noise  in  an  unbounded  medium,  a  complete 
given  values  of  the  quadrupole  stress  composed  mainly  of  the 

r  J 


fluctuating  Reynolds  stresses,  is  taken  for  granted;  Lighthill's  theory  then  provides  the  prescription 
according  to  which  the  sound  field  is  to  he  calculated.  Curie's  extension  |5 1  of  that  theory  to  include 
surface  effects  gives  an  analogous  prescription  for  the  sound  field  -  provided  a  complete  specification 
cf  surface  velocities  and  stresses  is  available,  in  addition  to  the  knowledge  of  T.  .  already  assumed. 


Curie's  went  thus  constitutes  no  mere  than  a  fermul  theory  of  surface  effects;  a  deductive  theory,  on 

the  other  hand,  would  assume  a  kr  wledge  of  7.  .  only,  and  from  this  calculate  the  values  of  the  surface 

l  J 


pressures  and  velocities,  and  hence  the  sound  field.  In  this  way  there  would  he  no  possibility  of 
inconsistencies  arising,  as  they  often  do  in  formal  theories,  from  mutually  conflicting  assumptions 
made  simultaneously  about  T.  and  the  surface  fields.  The  confusion  prevalent  some  year3  ago  on  the 

question  of  surface  effects  provides  tu  iequate  warning  of  the  danger  in  using  formal  expressions  for 
the  sound  field.  Such  expressions  have  ..  .d  their  use,  of  course,  in  particular  as  applied  by  Ffowcs 
Williams  &  Gordon  j6j  and  Ffowe3  Williams  |7 |  to  the  hypothetical  surface  at  the  nozzle  exit,  to 
predict  the  dominance  at  sufficiently  low  exhaust  speeds  of  nonopole  and  dipole  sources  associated  with 
unsteady  flow  at  the  nozzle.  We  snail  see  shortly  how  certain  versions  of  those  predictions  still  stand 
after  the  application  of  deductive  methods. 


A  deductive  approach  to  the  problem  of  flcw-surface  interaction  noise  is  then  sinply  one  in 
vnieh  Lighthill's  equation  -  i.e.,  the  wave  equation  with  a  known  quadrupole  (T. .)  inhooogeneity  -  is  to 

he  solved  subject  to  appropriate  boundary  ecoditiana  on  the  surface.  As  in  Lighthill's  theory,  estimates 

of  the  strength  and  frequency  content  of  T. .  are  regarded  as  given  independently  by  incompressible  flow 

*w 

arguments,  or  possibly  from  measurement.  Ideally,  of  course,  ace  would  like  to  calculate  the  internal 
flew  and  the  sound  field  simultaneously ,  not  merely  postulate  one  end  calculate  the  other;  in  a  very 
few  cases,  noted  below,  it  is  indeed  possible  to  do  this,  and  the  results  agree  with  those  predicted 
from  the  deductive  theories. 

The  first  problem  of  any  import «oce  for  our  purposes  was  that  solved  by  Ffowcs  Williams  A  Hall 
1 8 1 .  A  semi-infinite  rigid  plate  is  isneraed  in  unsteady  or  turbulent  flow  characterised  by  a  velocity 
U  and  a  length  scale  i.  Regarding  the  flow  as  acoustically  equivalent  to  a  volume  distribution  of 
unccrrelated  quadrupoles  corresponding  to  turbulent  eddies,  Ffowcs  Williams  A  Hall  show  that  the 
scattered  field  from  an  eddy  of  characteristic  frequency  f  distant  r  from  the  plate  edge  exceeds 

JU 

the  direct  field  (given  by  Lighthill's  theory)  by  a  factor  of  (f  ro/aQ)  ,  provided  the  eddy  lies 

within  a  wavelength  of  the  edge,  so  that  f  f0/»0  K<  1»  1“  particular,  for  the  dominant  eddies  we  have 

f  U/t,  rQ  i,  and  the  scattered  intensity  exceeds  the  direct  intensity  by  a  factor  M  3.  (Here 

M  *  U/aQ  is  the  Mach  number,  assumed  less  than  unity.)  Moreover,  the  angular  distribution  of  the 

scattered  intensity  is  essentially  as  sin2  4  9  (where  9  •  0  is  the  continuation  of  the  plate),  and 

so  has  its  maximum  value  on  the  plate.  Generalisations  of  this  problem  have  been  considered  |9,  10| ; 

for  example,  if  the  plate  is  coepliant  and  fluid  loading  effects  large,  the  intensity  lav 

I  "v  U5  sin2  y  9  is  modified  to  I  a,  U*  sin2  9.  Although  the  latter  looks  very  much  like  the  field  of  a 

dipole  transverse  to  the  plate,  there  is  not  necessarily  any  multipole  interpretation  of  these  fields 
scattered  by  obstacles  with  dimension  much  larger  than  a  wavelength. 

These  intensity  laws  are  confirmed  in  detailed  examination  of  a  couple  of  specially  simple  flows. 
In  one  |ll|,  a  line  vortex  passes  round  the  edge  of  a  plate,  and  in  so  doing  radiates  sound.  In  the 
other  1 12 1,  a  vortex  sheet  leaves  a  splitter  plate  and  develops  unstable  Helmholtz  oscillations.  Sound 
is  then  generated  principally  by  the  interaction  between  the  unstable  shear  layer  and  the  plate  ••  or 
equivalently,  by  the  unsteady  shedding  of  vorticity  at  the  trailing  edge.  In  both  problems ,  the  internal 
flow  and  the  associated  sound  field  are  calculated  simultaneously.  Errors  in  the  internal  flow  can  have 
grave  consequences  for  the  sound  field.  For  example,  small  and  apparently  innocuous  approximations  to 
the  internal  flow  can  be  regarded  as  equivalent  to  the  application  of  sources  and  forces  to  the  fluid, 
end  at  low  Mach  numbers  these  can  produce  a  dominant,  though  spurious,  sound  field,  thus  making  more 
complicated  problems  quite  unsuited  to  purely  numerical  attack. 

Regarding  the  semi-infinite  plate  in  theae  calculations  as  some  model  of  the  tailpipe  nozzle, 
we  see  enough  differences  between  the  intensity  and  directivity  of  the  edge  -  scattered  sound  and  of  the 
jet  mixing  noise  to  justify  more  cosipliceted  models.  Leppington  1 13 1  accordingly  considered  the 
interaction  between  a  Li gh thill  eddy  quadrupole  and  a  semi-infinite  circular  duct,  with  neglect  of  mean 
flow  and  the  associated  instabilities  of  the  shear  layer.  In  the  low  frequency  limit  (f  D/s_  <<  1, 

D  the  duct  diameter),  he  shoved  for  the  axlsymaetric  mode  that  I  '  U  (l  -  coa  9)  ,  while  for  the  first 

azimuthal  mode,  the  sinuous  mode  often  seen  in  high-speed  jets,  that  1  "w  U8  sin2  9  ,  6  being  measured 
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frcn  the  exhaust  direction  (i.e.,  the  continuation  of  the  duct). 

these  results  are  both  of  potential  importance ,  and  deserve  the  closer  examination  of  their,  given 
ir.  jlh[.  There  the  unstable  shear  layer  oscillations  triggered  by  unsteady  flcu  were  considered,  and  it 
was  shown  that  the  interaction  of  such  unstable  nod-s  with  the  duct  from  which  the  shear  layer  is  shed 

generates  sound  fields  with  the  parametric  variations  T  w  -J  (1  -  cos  n)  ,  I  v  u  sin  6  at  low 

frequencies,  while  I  tan  j-  6  at  high  frequencies  for  any  order  of  azimuthal  variation.  It  was  also 

shown  that  the  low  frequency  results  can  be  interpreted  very  simply  in  terns  cf  monopole  and  dipole 
sources  at  the  exit  plane.  The  dipole  corresponds  to  the  cc3  6  purt  for  the  axi symmetric  node  and  to 
the  sin  9  for  the  sinuous  node,  and  the  dipole  strength  is  equal  to  the  net  unsteady  axial  thru3t 
fluctuation  and  to  the  net  cross-stream  thrust  fluctuation  in  the  two  cases,  respectively.  In  the 
axisymaetric  node,  a  weak  variation  in  the  mass  flow  aecorqsanies  thv  thrust  fluctuation,  and  in  the 
-Mence  of  any  field  incident  frees  upstream  infinity  in  the  pipe,  the  mass  flow  monopole  and  the  thrust 
sole  are  coupled  so  as  to  produce  the  (1  -  cos  e)  factor.  (This  exclusion  of  an  incident  field  coming 
down  the  pipe  toward  the  exit  is  supposed  to  restrict  our  attention  to  the  results  of  local  unsteadiness 
near  the  exit,  the  case  of  an  incident  field  being  discussed  separately  in  53.) 

The  multipole  interpretations  are  very  useful  in  leading  to  numerical  estimates  of  the  sound 
power  in  the  scattered  fields,  and  in  predicting  the  effect  of  forward  motion,  let  the  r.m.s.  unsteady 
thrust  fluctuation  be  a  fraction  e  of  the  steady  thrust ,  let  S  *  f  D/U  be  the  Strouhal  number 
characterising  the  thrust  fluctuation,  and  let  the  duet  ve  in  the  upstream  direction,  6  =  it  ,  at 
Mach  nusfcer  M^.  Suppose  also  that  the  unsteady  levels  relative  to  the  nozzle  remain  unchanged.  Then 

the  details  of  the  calculation  show  that 

I  a  (-1)2  (-)2  e2  S2  (1  -  cos  e)2  o  U3  M3  (1  ►  M  cos  e)”1*  ,  (2.1) 

8  r  ft 

cr 

I  ■V  (f)2  (“)2  e2  s2  sic2  C  p  U3  K3  (1  +  H  cos  B)-**  ,  (2.2) 

8  r  ft 

these  referring,  respectively,  to  the  axicymmetric  case  (fluctuation  axial  thrust)  and  to  the  sinuous 
mode  (fluctuation  in  cross-stream  thrust). 

The  isq>ortant  features  of  these  results  are  (i)  the  sixth  power  intensity  law,  ( ii )  the  forward 
or  sideline  weighting  of  the  directivity  factors,  (iii)  the  amplification  of  these  fields  in  the  forward 
arc  under  forward  motion.  As  far  as  the  predicted  level  goes,  one  can  show  that  the  efficiency  of  the 

-<•3  -i.  s 

fields,  with  t  ■  1)1,  is  10  M  ,  which  is  to  be  compared  with  values  of  around  10  M  for  the 

efficiency  of  jet  mixing  noise  tmder  typical  (i.e.,  not  particularly  clean)  exit  conditions.  A  1)1  net 
throat  fluctuation  may  aeea  excessive,  though  many  agree  that  such  a  level  might  well  be  exceeded  in 
real  engines,  and  one  can  show  in  any  case  that  even  under  the  cleanest  possible  exit  conditions  c  must 

exceed  10  3. 


What  these  calculation!  have  really  done  is  to  provide  a  rigorous  justification  for  much  earlier 
and  more  primitive,  ideas  about  "nozzle-based"  sources  (or  "lip  noise"  sources).  Those  earlier  ideas 
|6,7|  simply  asserted  that  throat  fluctuations  would  act  as  exit  plane  dipoles,  mass  flaw  fluctuations 
as  monopolea.  The  detailed  calculations  show  that  these  ideas  are  essentially  right,  provided,  in  the 
sxisyametric  mode,  one  recognises  that  the  monopole  and  dipole  are  in  fact  coupled  so  as  to  produce  the 

(1  -  coe  9)  directivity.  The  Doppler  factor  (1  ♦  coe  e)  representing  forward  motion  effects  has 

also  been  seen  before  (e.g.  in  |2,  Appendix|).  The  derivation  given  there,  however,  does  not 
differentiate  between  mixing  noiae  sources,  which  are  not  carried  along  with  the  aircraft,  and  excess 
noise  sources  which  are.  Thus  one  might  get  the  impression  that  the  Doppler  factor  should  apply  in  all 
cases,  even  when  only  pure  mixing  noise  is  present.  The  derivation  of  the  Doppler  factor  in  Eq.  (2.1) 
makes  it  very  clear  that  the  factor  only  applies  to  excess  noiae  sources  of  the  monopole  or  dipole  type 
vhich  are  carried  alcog  with  the  aircraft.  Moreover,  a  source  should  not  be  further  than  a  typical 
wavelength  from  the  exit  plane  if  the  Doppler  factor  is  to  apply.  A  source  hidden  deep  in  the  jetpipe 
would  preaunably  not  display  that  factor,  as  the  power  generated  by  a  source  could  not  be  affected  by 
effects,  such  as  relative  motion,  occurring  several.  wavelengths  avsy.  It  might  possibly  display  a 
different  factor,  if  its  sound  field  cculd  gain  energy  from  the  mean  flov  in  crossing  the  shear  layer, 
and  that  is  a  possibility  discussed  later,  in  iU, 

We  conclude  then  that  excess  noise  in  the  forward  and  sideline  directions  may  be  caused  by 
unsteady  flw  interaction  with  the  tailpipe.  If  the  unsteadiness  is  highly  correlated  (c  ■  it  or  so) 
the  intense  fields  described  by  Eq.  (2.1  -  2.2)  will  be  generated.  If  the  exit  plane  fields  are  not 
well  correlated,  all  that  can  usefully  he  said  iB  that  the  interaction  sound  field  still  has  a  forward 
directivity  (I  ^  tan  B/2,  except  very  near  9  ■  v,  whatever  the  azimuthal  order).  It  seems  from  the 

exaavl*s  quoted  here  that  high  rear  arc  levels  cannot  be  caused  by  these  mechanisms ,  though  we  should 
mention  one  esse  |15  j  which  has  been  found  in  which  the  monopole  and  dipole  exit  plane  sources  do  not 
ccupls  so  as  to  produce  the  (l  -  cos  9)  factor.  Thus  it  a ay  be  possible  for  exit  plane  sources  to 
generate  excess  noise  fields  peeking  in  the  rear  arc,  although  the  evidence  to  be  presented  next 
suggests  that  this  is  not  likely  to  be  so. 
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the  propagation  acrcsz  the  exit  plane,  with  associated  refraction  and  diffraction  effects,  of  fields 
ur.ith  already  exist  as_  sound  within  the  tailpipe.  The  scund  presumably  has  its  origin  in  unsteady  flcv 
over  various  obstacles  within  the  tailpipe;  however,  the  fact  that  the  scund  propagate,  as  such  away 
from  the  obstacle  leads  to  a  very  different  directivity  outside  the  pipe  fron  that  ultimately  generated 
from  the  creation  of  a  nen-prepagating  unsteady  pressure  field  by  the  obstacle.  And,  further,  the  two 
mechanisms  call  for  quit*  different  suppression  techniques .  Acous’ic  lining  nay  attenuate  the  rear  arc 
fields  under  discussion  here,  but  would  not  be  expected  to  attenuate  forward  arc  fields  of  the  hind 
examined  in  52  {unless,  as  is  possible,  the  liver  reduces  the  inhomogeneous  jump  in  conditions  at  the 
nozzle,  making  the  properties  cf  the  tailpipe  more  like  those  of  the  shear  layer,  with  corresponding 
reduction  cf  interaction  noise!.  On  the  ether  hand,  screens  or  grids  which  night  be  used  as  turbulence 
suppressors,  in  an  attempt  to  reduce  the  fields  of  52,  would  not  be  expected  to  attenuate  the  rear  arc 
fields  unless  the  screens  had  an  appreciable  acoustic  impedance. 

We  r.cv  summarise  the  essential  facts  about  sound  propagation  out  of  a  hard-welled  duct.  Firstly 
we  neglect  all  effects  cf  fl^w,  end  at  first  we  also  take  a  two-dimensional  parallel  plate  representation 
of  the  duct.  The  results  far  the  parallel  plates  are  extremely  similar  to  those  for  a  circular  duct 
(where  results  for  the  latter  are  available  at  all),  while  the  exact  solution  for  the  parallel  plates 
13  so  much  mere  tractable  than  that  for  the  circular  duct ,  allowing  the  important  features  to  be  stated 
simply.  Let  the  duct  have  width  2R,  let  k  be  the  wavenumber  2-rf/a^  with  f  the  frequency  and  ac  the 

sound  speed,  and  write  h  for  the  Helaholtx  -.umber  kS.  In  the  ease  of  the  circular  duet  we  are  generally 
concerned  with  values  cf  H  between,  ssy,  10  and  IOC,  in  the  broad-band  excess  noise  context. 

Fc:  a  given  value  of  a,  there  are  S  ♦  1  codes  which  can  propagate  unattenuated  in  the  duct,  S 
being  the  integral  part  of  2H/%  the  modes  having  variation  cos  (y  -  R)  across  the  duct,  with 


n  “  0,1,2,...,  ’i.  The  field  incident  on  the  exit  , icne  from  any  source  eistributicc  further  than  a 
diameter  or  so  intide  the  duct  can  be  expressed  ao  a  sum  of  these  propagating  nodes  only,  nen- 
prepagating  near-..  Id  mode 3  being  exponentially  cut  off  over  a  distance  of  order  R.  If  H  ia  at  all 
large,  however,  .t  may  be  necessary  to  retain  a  large  number  of  nodes  in  the  sun,  particularly  if  the 
source  function  is  not  well-matched  to  the  duct  geometry.  This  sake*  nodal  description  much  more 
appropriate  to  the  tones  generated  by  rotating  machinery  than  to  broad-band  noise  generated  by  randomly 
unsteady  flow 


With  these  limitations  in  clad,  consider  a  mode  cf  order  n  incident  on  the  exit  plane  from  r 
source  well  inside  the  duet.  If  c  is  even  we  write  N  for  the  integral  part  of  H/»,  while  if  n  is  odd 

■V  will  denote  the  integral  part  of  B'»  *  4  •  Then  the  radiation  pattern  consists  of  a  set  of  W  lobes, 

of  which  M  -  1  lie  ent.rely  in  the  rear  arc,  A  *  8  <  *,'2,  while  the  Vth  starts  in  the  rear  arc  and 

contains  all  the  forward  arc  field.  (Our  terminology  correspond*  to  regarding  the  duct  as  a  tailpipe 
rather  than  an  intake,  so  that  9  *  0  would  be  the  exhaust  direction  if  there  were  flow,)  The 
amplitude  along  successive  lobes  decreases  steadily  as  9  increases  from  u  to  «/2;  further,  the 

amplitude  along  rays  in  the  final  I-ue  decreases  steadily  from  its  peak,  attained  at  an  angle  less  than 
or  equal  to  »/2,  as  8  increases  into  the  forward  arc.  These  features  are  exhibited  in  Figure  1,  which 

is  a  logarithmic  polar  intensity  plot  for  a  node  with  n  •  2  at  a  Helaiiolti  nusiber  H  *  20,  corresponding 
to,  say,  a  frequency  of  2KH*  in  an  engine  of  3  ft.  diameter,  This  value  of  n  is  chosen  since  it  gives 
rather  large  forward  arc  levels  compared  with  those  for  n  »  0,  1  or  3.  Sven  so,  it  is  clear  that  the 
intensity  ct,  say,  120°  is  10  IB  be  lev  that  at  60°,  and  some  28  4B  below  the  peak.  A  large  nusiber  of 
such  plots,  covering  «  wide  range  of  frequencies  and  a  variety  of  source  excitations,  is  given  in  |i6|. 


Details  of  the  amplitude  and  phase  can  only  be  found  free  the  full  tfiener-Hopf  solution  to  this 
diffraction  problem  (see,  e.g.,  { IT |  for  references).  This  solution  lends  itself  to  rapid  computation, 
even  though  its  analytical  form  is  not  especially  simple.  The  exact  solution  to  the  corresponding 
problem  for  the  circular  duct  is  considerably  more  complicated,  both  computationally  and  analytically. 

It  is  therefore  worthwhile  drawing  attention  to  the  merits  of  a  well-known  approximate  procedure  which 
yields  essentially  the  right  features  in  very  sickle  terms.  In  the  approximation,  the  field  at  the 
exit  plane  is  talen  as  that  generated  by  the  incident  wave  alone,  with  neglect  of  both  the  reflected 
waves  and  the  oonpropagating  near- field  around  tbe  duct  lip,  and  the  duct  is  then  regarded  as  fitted 
with  an  infinite  rigid  flenge  in  tie  exit  plene.  Thus,  the  velocity  is  then  prescribed  over  the  whole 
of  the  exit  plane,  and  the  radiated  field  can  be  readily  calculated  throughout  the  rear  arc, 

0  (  *  <  */  .  Both  the  approximations  seem  plausible  at  high  frequencies  for  angles  well  below  w/^, 

but  the  procedure  does  not  constitute  a  rational  approximation  in  any  known  sense.  Despite  this,  and 


although  it  cannot  predict  anything  in  the  forward  arc  and  migit  be  expected  to  be  poor  everywhere 
except  at  high  frequencies,  and  poor  at  all  frequencies  near  the  sideline,  the  approximate  procedure 
does  have  the  following  remarkably  useful  properties:-  (i)  the  directions  along  which  the  field 


vanishes  -  i.e.,  the  directions  which  define  the  lobe  structure  -  are  predicted  exactly  by  the 

approximate  method,  vhen  applied  to  the  parallel  plate  duct,  for  all  modes  and  frequencies  i- 

(ii )  it  leads  to  very  simple  expressions  for  the  radiated  field,  from  which  qualitative  feature* 
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Fig.  1  Far- field  directivity  pattern.  Parallel  plate  duct.  Helmholtz  number  H-20. 

Mode  number  n*3.  Dotted  line  is  final  lobe  for  the  case  n- 1,  H-20.  Taken  from [1$ 


can  be  easily  discerned  (for  example,  the  qualitative  effects  of  change  of  the  field  incident  from  inpide 
the  duct  can  be  seen  very  quickly,  such  changes  arising  perhaps  from  change  in  the  properties  of  the 
duct  walls):  -  (iii)  it  does  not  seem  to  involve  a  large  absolute  error,  whatever  the  frequency 
parameter  H,  Candel  |l8|  has  examined  the  error  incurred  in  the  parallel  plate  duct  for  values  of  H 
between  1  and  20.  He  shows  that  the  maximum  error  in  the  radiated  intensity  neyer  exceeds  7  dB,  and 
that  over  root  of  the  rear  arc  the  field  is  correctly  predicted  to  withir.  1  -  2  dB  by  the  approximate 
method.  It  can  also  be  shown  that  the  approximate  method  gives  exactly  correct  results  in  the  low 
frequency  regime  kR  «  i,  where  the  field  shape  is  essentially  isotropic.  (This  is  rather  surprising, 
since  the  idea  that  the  duct  can  he  baffled  without  real  change  in  the  rear  arc  field  is  clearly 
inappropriate  when  kR  «  1,  while  the  condition  kR  <<  1  is  precisely  the  condition  which  ensures' "that 
strong  reflected  waves  and  near-field  components  will  exist  in  the  duct  in  addition  to  the  incident 
field.)  The  limit  kR  <<  1  does  not  represent  a  case  of  any  importance  here  (it  would  involve 
frequencies  lower  than  100  Hz  in  real  engines),  but  it  emphasises  the  usefulness  of  the  approximate 
aethod  at  all  frequencies. 

As  examples  of  the  very  compact  expressions  produced  by  the  approximate  method,  we' quote  the 
well-known  formulae  for  the  directivity  pattern  of  the  far- field  intensity  produced  when  a  plane  wave 
i'a  incident  inside  the  duct,  viz 


■  sin  (H  ain  0) . 

'  sin  6  ' 

(parallel  plate  duct), 

(3.1) 

Jj  (H  ain  0) 
sin  0  ^ 

(circular  duct). 

(3.2) 

These  are,  of 'course,  just  the  expressions  for  the  directivity  of  a  rigid  "piston"  oscillating  with 
presevibed  velocity  and  surrounded  by  a  rigid  baffle. 

'  It  is  unfortunate  that  no  approximation  has  yet  been  devised  to  predict  the  forward  arc  fields 

in.  a  s  wilar  fashion.  However,  the  general  importance  of  the  forward  arc  can  easily  be  sketched  in 
using  the  remarks  rlready  made.  The  sideline  field  can  be  found  approximately,  and  ve  know  from 
studies  of  the  parallel  p^ate  duct  that  the  field  decreases  steadily  from  the  sideline  into  the  forward 
arc.  In  the  frequency  regime  of  interest  here  (10  <  H  <  100  say)  we  conclude  at  once  that  the  forward 
arc  fieldr,  ar,  very,  much  a  tardier  than  the  fj.eldc  at  angles  up  to  around  70°  in  the  rear  arc. 

The  effect  o'"  flow  upon  the  ..  ratures  described  above  is  not  known,  even  qualitatively, 

Candel  jib)  lia3  given  transformations  by  which  the  effect  of  the  ease  uniform  axial  flow  everywhere 
(i.nside  eiid  outside  tbe  duct)  can  be  assessed.  The  case  of  real  Interest ,  however,  involves  different 
flow  inside' and  outside  the  duct,  with  a  shear  layer  shed  from  the  lip.  A  vortex  sheet  model  of  the 
shear  layer-,  with  uniform  flow  inside  the  duct  and  no  flow  outside,  is  relevant  if  one  accepts  that 
diffraction  and  refraction  effects  ore  determined  by  the  early  thin  part  of  the  shew  layer.  leaving 
until  Sb  the  question  of  shear  layer  instabilities,  the  problem  of  : ound  propagation  out  of  a  duct  and 
no  rose  the  vortex  sheet  can  be  solved  formally,  but  sets  heavy  computational  problems  at  realistic 
frequencies  and  Mach  numbers.  The  approximate  method  is  unfortunately  of  no  use  here.  It  now  has  no 
physical  basis,  and  in  any  case  completely  fails  to  predict  any  effect  of  uniform  flow  oo  a  given 

transverse  mode,  cos  ~  (y  -  R)  for  example.  No  doubt  one  aspect  of  mean  flow  and  the  shear  layer 

is  to  produce  a  refractive  effect,  shifting  the  whole  directivity  pattern  to  higher  angles,  and 
creating  a  zone  of  silence  around  the  e-diaiu>i.  But  how  large  the  refractive  effect  is  ranains 
undetermined,  so  that  we  do  not  know  if  it  is  sufficient  to  shift  the  principal  static  lobe  round 
to  angles  of  50  -  70°  at  which  intense  fields  including  turbine  tones)  are  often  observed. 
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U.  PARAMETRIC  AMPLIFICATION  OF  INTERNAL  NOISE. 

Tlie  diffraction  and  refraction  of  sound  generated  inside  a  duct,  as  it  pasuss  acre  ;e  the  exit 
plane  and  through  the  shear  layer,  are  energy-ccoscrving  processes .  Energy  i.  not  necessarily  conserved 
in  the  interaction  betveen  a  sound  vave  end  a  shear  leyer.  A  shear  layer  nay  develop  unstable 
oscillations  in  response  to  a  aound  vave,  and  soee  of  the  energy  in  the  unstable  hode  vill  be  radiated 
avey  as  sound,  This  radiated  energy  can  only  cone  trpoa  the  mean  flow,  and  thus  the  unstab.'.e  shear  layer 
can  act  an  a  parametric  amplifier  of  an  incident  sound  field.  In  the  ease  vhen  the  shear  layer  is  shed 
from  a  duct,  a  triple  interaction  occurs;  the  sound  vave  excites  instabilities  on  the  shear  layer,  and 
the  unstable  modes  radiate  a  primary  field  (as  if  no  duct  vere  present)  plus  a  scattered  field  arising 
from  coupling  of  the  unsteady  flow  to  the  duct.  The  primary  fields  have  a  directivity  concentrated  in 
the  rear  arc,  around  the  region  of  peak  jet  mixing  noise,  while  the  scattered  fields  have  the  forward 
or  sideline  directivity  associated  with  most  flew- surface  interaction  fields  (see  82).  Parametric 
amplificatica  of  internally  generated  noise  has  thus  the  possibility  of  producing  fields  with  either 
rearward  or  forward  directivity  -  even  though  that  internal  noise  could  only  be  baau-d  appreciable  in  the 
roar  arc  in  the  absence  of  flow. 

Before  going  further,  we  must  acknowledge  that  many  workers  feel  that  calculations  of  the 
unstable  response  of  laminar  shear  layers  have  no  relevance  at  all  to  the  behaviour  of  a  fully  turbulent 
shear  layer  at  very  high  Reynolds  numbers.  They  argue  that  the  flow  is  already  under  a  broad  spectrum  of 
excitation,  and  that  external  stimulation  of  a  jet  by  even  a  relatively  intense  sound  wave  cannot  possibly 
override  the  excitation  already  present.  That  is  not  our  point  of  view  here,  however.  Most  of  the  energy 
of  jet  turbulence  resides  in  intense  fine-scale  modes,  vith  which  no  external  sound  field  of  comonrable 
scale  can  hope  to  compete.  Spasmodically,  however,  the  energy  organises  a  fraction  of  itself  in  a 
coherent  large-scale  fashion.  Coherence  is  the  attribute  which  enables  the  large-scale  mode  (even  if  rot 
particularly  intense)  to  overcome  the  background  fluctuations,  and  to  compel  the  whole  jet  column  to 
respond  unstably  just  as  a  laminar  flow  might.  An  external  exeitatico ,  suitably  coherent  and  suitably 
tuned  to  the  intrinsic  jet  structure,  vou  trigger  off  similar  instabilities.  The  rxperinental  work  of 
Cr«r  k  Champagne  1 19 1  and  Crow  [ 3 1  his  oi  e,  ’  confirmed  such  ideas,  at  any  rate  for  fully  turbulent, 
jets  at  Reynolds  numbers  around  10s  1 19 1  10fc  |b|.  These  shoe  that  the  most  easily  excited  instability 
is  an  axi symmetric  one  at  a  Strouhal  number  of  0.3.  Michalke  1 20 1  has  shown  that  this  Strouhal  nusfcer 
is  predictable  from  the  linear  theory  of  spatial  instability,  that  it  depends  on  the  ratio  of  momentum 
thickness  to  jet  radius,  and  that  it  usually  lies  betveen  0.3  and  0.6,  close  to  the  Strouhal  number 
for  peak  jet  mixing  noise.  It  is  sal  too  easy  to  dismiss  these  ideas  on  the  ground  that  they  have  only 
been  shown  to  be  relevant  at  Reynolds  numbers  a  little  below  those  of  importance  i&  jet  engines.  Refusal 
to  accept  them  seem  rarely  likely  to  prolong  the  sterility  into  which  jet  noise  theory  taiat  fall  in  the 
absence  of  nay  other  satisfactory  model  of  jet  structure. 

Detailed  calculation  relevant  to  any  realistic  situation  is  still  some  way  off.  The  simplest 
case,  involving  uniform  unbounded  flows  arid  vortex  aheet  shear  layer*,  has  only  recently  been  worked  out 
|21,  22i,  together  with  extensions  | 23 |  to  describe  the  triple  interaction  between  an  acoustic  source, 
a  vortex  sheet  and  the  plate  from  which  the  sheet  is  ahed.  A  further  extension  of  this  work  to  the 
excitation  of  the  circular  vortex  sheet  shed  from  a  round  duct  by  a  source  within  the  duct  (and 
including  coupling  between  the  shear  layer  and  duet)  is  shortly  to  be  completed. 

The  vortex  sheet  models  of  the  shear  layer  permit  unbounded  exponential  growth  of  unstable 
disturbances,  and  preclude  realistic  estimates  of  the  sound  field.  There  are  three  obvious  mechanisms 
which  can  tciviisatc  th?  grsvtb  of  instabilities  in  jet  flov  -  (i)  nonlinear  saturation  occurs,  (ii) 
spreading  of  the  mean  flow  cute  off  the  growth  of  a  disturbance  as  it  travels  into  more  atsble  regions, 
(iii)  fine-scale  background  turbulence  attenuates  the  disturbance  in  the  owner  of  an  eddy  viscosity. 
Mechanism  (i)  is  proposed  by  Grow  k  Chasqpagne  ta  the  dominant  feature,  thought  calculations  carried  out 
so  fey  by  the  author  indicate,  on  the  contrary,  th»t  (ii)  controls  the  growth  and  decay  of  jet 
instabilities  much  aor*  effectively. 

Crow  |3|  has  fitted  a  convenient  eaalytioal  expression  to  experimental  results  on  the 
development  of  axisyxwetric  disturbances  on  a  jet.  An  expression  for  the  sound  field  is  then  obtained 
fro®  Idsivbhill * ■  integral,  fie  formula  shewn  that  the  far  field  of  a  source  in  a  duct  in  the  presence 
of  flow  can  greatly  exceed  the  far  field  of  the  ease  source  in  the  absence  of  flov  -  i.e.,  that  the 
unstable  jet  oscillation*  act  as  an  i:,::jlirier  o?~Tot  era  ally  generated  noiee.  Experiments  1 3  ]  on  a  t<»e  at 
850  H*  in  a  6"  tailpipe  and  exhaust  speed  fetveen  geo  and  liOO  ft/*ee  confirm  the  general  idea,  and  alao 
coofim  Crew’s  prediction  of  ta  tap lifi cation  of  34  48  under  the  right  conditions  (although  there  are 
point#  of  pooaibla  contention  in  the  e*porii*ea'?i  aut-up  and  the  interpretation  of  the  waaureostite}. 

Just  what  the  petition  of  thi*  meefcaoien  i*  in  the  broad-band  excess  noise  context  is  not  yet 
clear,  itoy  engine  epeetra.  shew  odd  laxgt  spikes  under  saw-  unpredictable  owsd itiens,  and  these  spikes 
are  not  usually  regarded  a.*  due  to  any  aysteaestic  phenomenon-.  Slsrtiafe  Crm’ e  mechanism  is  the  cause  of 
the  spikea,  and  pesi  apa ,  mn  importantly,  it  ia  the  nechaaiss  behind  ouch  of  the  acre  widely 
occurring  breed-bsad  noise. 


5.  CCSCUBICa'5. 


three  distinct  meahttiB&a  of  breed-band  excess  poise  have  been  identified  in  theoretical  work. 
These  coaprise  uaateedy  flow  interaction  with  the  tailpipe,  eropasatioo  of  internal  noise  out  of  tbs 
tailpipe,  and  the  asgslityiag  effect  co  Internal  tvoiae  of  unstable  jet  oscillation*.  They  ere 
distinguished  principally  by  directivity  propertisx,  by  the  effect*  which  sound  or  turbulence 
Suppressors  ia  the  tailpipe  have  upas  them,  by  forward  motion  effect. ,  end  by  velocity  dependence, 
course,  diffkrtot  mechanism*  share  same  properties  Sr.  ccaesoa,  but  there  is  enough  theoretical  evidence 
to  ecable  circumstantial  eridecc*  to  be  built  up,  fix*  which  source  location  sad  data  correlation  methods 
may  be  developed.  Tie  experiments  of  Gord^a  jl|  eet  a  gcod  axaaple  Of  the  appropriate  u*a  of  pieces  of 


qualitative  theory  as  an  aid  to  definition  of  an  excess  noise  source  and  to  the  development  of  simple 
correlation  lavs  vith  30<ne  logical  basis.  Hopefully,  similar  use  of  more  recently  discovered  features, 
such  as  those  associated  vith  directivity  and  forward  notica  effects,  vili  provide  a  basis  for  the 
clearer  interpretation  of  experimental  data  taken  in  sure  complex  situations. 
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SUMMARY 

The  sound  propagation  in  a  flow  duct  is  influenced  by  the  acoustical  impedance  of  the 
walla.  In  many  eases  perforated  plates  are  used  aa  acoustic  lining.  Therefore  investi¬ 
gate,,  j  of  Che  influence  of  grazing  flow  on  the  impedance  of  a  single  orifice  serving  as 
a  simplified  modal  of  a  perforated  plate  were  started.  At  small  flow  velocities  the  impe¬ 
dance  curve  plotted  in  the  complex  plane  passes  through  a  spiral.  For  higher  flow  veloci¬ 
ties  the  resistive  part  of  the  impedance  increases  linearly  with  the  flow  velocity  whereat* 
the  reactive  part  decreases.  A  relation  between  the  impedance  and  the  static  flow  resist¬ 
ance  can  be  established.  Possible  nonlinear  properties  of  the  orifice  are  discussed. 

NOTATION 

as  radius  of  the  orifice ,  A  aslope  of  the  real  part  of  %,  c  s  sound  velocity, 

C  *  compliance  of  thw  measuring  cavity,  Ju(z)  s  imaginary  part  of  a  complex  nunber, 
i  s  /Hi',  1  »■  length  of  the  orifice,  pc  sound  pressure,  Res  Reynolds  number  pUafy  , 

Re(z)s  real  part  of  a  complex  i.jmbar,  S  e  SFrouhal  number  au/U  ,  Us  flow  velocity, 
vs  particle  velocity,  "iTstotal  impedance  of  thu  orifice,  (.* v radiation  impedance  of  the 
orifice,  Wjjs  no-Taaiised  impedance  W,  6 *  boundary  layre  thickness,  pc viscosity, 
vs  frequency,  psdensity  of  the  medium,  o  *  angular  frequency. 


1.  INTRODUCTION 

The  propagation  of  sound  in  ducts  ife  influenced  by  the  acoustic  properties  of  the  walls. 

To  achieve  noise  damping  very  often  linings  of  perfcrvtod  plates  are  thexefore  counted 
some  distance  from  the  rigid  wall.  The  interspace  is  subdivided  into  separate  cavities 
and  in  soma  cases  filled  with  sound  abe orbing  material  (rook  wool)  to  prevent  sound  pro¬ 
pagation  in  this  area.  In  this  case  the  attenuation  of  sovd  ia  caused  by  the  Iobs  of 
kinetic  energy  by  frictional  forces  in  the  neok  of  the  resonators  formed  by  the  perfora¬ 
ted  plates  and  th*  cavities,  or  by  the  lose**  in  the  absorb!  g  material.  To  get  the  de¬ 
sired  sound  absorbing  properties  of  the  duert  *•!»•*  resonator*  have  to  be  designed  carefully 
(that  aeons  a  suitable  resonance  frequency  has  to  fee  intt tiled  by  choosing  the  correct 
dimensions  of  the  resonator ’s  rack  and  cavitv).  Such  problems  hove  bean  treated  ®.g.  by 
U.  legat'd  /V  .  Thus  it  is  possible  to  calculate  the  properties  of  resonators  wit*  ade¬ 
quate  accuracy  for  applications . 

In  the  presence  of  ?  aseon  flow  through  the  duct  (j.g,  in  wind  tunnels,  fans  etc.)  the 
situation  changes.  From  experiments  made  by  Meyer.  Mechel  and  Kurtae  fV  ,  it  is  known 
that  the  eeimcS  attenuation  in  absorbing  duets  la  influence  by  flew.  One  can  imagine  that 
interactions  between  th*  fluid  oscillating  in  the  orifice  of  a  resonator  and  the  shear 
layer  of  the  tsatun  flon  shove  the  orifice  maj  take  place.  Therefore,  to  calculate  the 
sound  attenuation  in  a  duct  in  the  presence  of  a  mean  flow  tha  acoustical  impedance  of 
the  walla  (in  this  case:  perforated  walls  or  Balaholts-reaenators )  must  be  known  as  * 
function  of  the  grating  flow.  As  t  first  apps'osoh  to  the  undsrstar.diiig  of  those  inter¬ 
actions  investigations  of  the  influence  of  ^retting  flow  on  the  impedance  of  a  single  ori¬ 
fice  ware  carried  out.  This  influence  being  explained  ono  rty  hop*  to  b*  able  to  giv- 
iaetructione  for  the  design  of  sound  absorbing  lining*  even  in  the  presence  of  s  wean 
flow. 

2 .  EQUIPMENT  FOR  MEASURING  OF  THE  ACOUSTICAL  IHPE3ANCE  OF  AN  ORIFICE  WITH  LAMINAR 
GSA2IK5  FLOW 

Th*  orifice  under  investigation  is  located  in  tha  wall  bf  e  flow  duct  (see  fig,  l).  Th* 
end  of  the  ori fie*  averted  fret  the  wind  tunnel  loads  into  a  cavity  terminated  by  a 
loudspeaker  the  membran.*  of  which  1j  v»ry  stiff.  In  ths  neck  of  the  orifice  a  hot  wire 
probe  is  fixed  with  the  aid  of  which  th*  particle  velocity  through  the  orifice  can  be 
measured.  At  th*  wall  of  tfc*s  cavitv  a  condenser  tsi crops w*  picks  up  tha  sound  preeaurs 
within  the  eeasurin^  chamber.  As  t-va  diewinvione  of  th*  cavity  are  small  compared  to  the 
sound  wavelength  the  pressure  may  b*  eeftsitisrsd  constant  all  over  the  cavity.  Therefor* 
the  sound  pressure  measured  fey  the  microphone  equal#  that  ;\sor  the  inner  end  of  th*  ori- 
fifcs.  Ocwntwese  of  this  at?*%«*ent  a  sucoftd  loudgpaaksr  gsnsrmtirig  ths  sound  ia  ths  duct 
it  loaatsd.  Fig.  i  alee  shows  th*  according  slectroitechimioa)  equivalent-circuit  diagoMs 
of  tha  squipswr.t.  The  i%p* domes  sly  of  the  totfcl  orifice  is  given  by  ths  difference  of  tha 
sound  pressures  ct  both  tfe*  eidss  of  ths  ooifics  divided  by  the  particle  velocity  through 
its 
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Fig,  1:  Sketch  of  the  measuring  equipment 
As  the  particle  velocity  v  inside  the  cavity  equals 

V 

where  C  is  the  spring-like  impedance  of  the  cavity.  It  follows 


Thus  the  measuring  of  the  impedance  can  be  reduced  to  the  measuring  of  sound  pressures. 

To  get  P2  the  phase  and  amplitude  of  an  additional  sound  pressure  generated  within  the 
cavity  is  matched  to  zero  the  particle  velocity  through  the  orifice.  (This  process  is 
controlled  by  the  hot  wire  probe.)  Then  the  sound  pressure  at  both  the  sides  of  the  ori¬ 
fice  must  ba  equal.  can  be  measured  with  the  ease  microphone  ae  pj.  Additional  cali¬ 
brations  of  instruments  are  rot  necessary. 

3.  THE  ACOUSTICAL  IMPEnANCE  OF  AN  ORIFICE  FOR  AIR  AT  REST 

For  air  at  rest  the  impedance  of  an  orifice  mainly  consists  of  a  reactive  part  which  is 
represented  by  the  mass  of  the  plug  of  air  aoscilleting  in  the  neck  of  tha  orifice  and 
its  vicinity  (endcorrection) .  Additionally  than*  is  a  small  resistive  part  due  to  viscous 
losses  in  the  orifice.  Measurements  of  the  impedance  with  eir  at  re at  w«ra  carried  out  to 
check  the  accuracy  of  the  whole  arrangement.  After  introducing  all  necessary  corrections 
(e.g.  for  the  influence  of  the  rigid  walls  of  the  cavity  on  the  impedance)  good  agreement 
was  found  betwaen  experimental  and  theoretical  value*  of  the  impedance.  The  range  of  the 
frequencies  investigated  was  200  -  600  Hz.  The  diameter  of  the  orifices  varied  between 
2  snd  7  mm,  the  length  tetveen  4  and  12  an.  Thus  the  dimensions  of  the  orifices  were 
slightly  greater  than  the  thickness  of  the  boundary  layer  of  the  laminar  erasing  flow  in 
the  duct. 


d .  THE  ACOUSTICAL  IHPEDANCE  OF  AN  ORIFICE  WITH  LAHINAR  ORATING  FLOW 


4.1  General 


With  laminar  grazing  flow  the  Impedance  changes  in  dependence  on  parameters  of  th#  flow 
above  tha  orifice  (flow  velocity,  boundary  layer  thickness).  As  already  jointed  out  in 
/V  there  exists  a  typical  shape  of  tha  imoedance  curve  in  the  complex  plane  as  »  func¬ 
tion  of  the  flow  velocity  (fig,  2).  At  mail  flew  velocities  {high  Stroyhal  ranchers 
S  sjti/i/  .  foT*sd  with  the  radius  a  of  the  eriflca)  the  impedance  passe*  through  a  spi¬ 
ral.  this  spiral  eer.  be  smaller  or  larger  depending  on  parasetaiae  Lika  the  disaster  of 
the  orifice  or  the  frequency.  In  the  second  so-called  'quauiatetic'  region  (ley  Strouhal 
numbers)  where  the  transit  time  of  particles  at  the  dt“ific*  is  small  «c«»*i*d  with 
the  period  of  oscillation  the  resistive  part  of  the  impedes**  increapes  linserlv  with  the 
flow  velocity  whereas  the  reactive  pert  dseresaes  tii&,  $  and  $tj .  TNeee  etafcamasstp  are 
valid  for  all  impedance  curve*  measured  up  to  now. 


The  etssntiei  *xperi»ar.tal  results  can  be  described  qualitatively  by  a  feoddl  of  the  flee* 
above  the  orifice  which  it  presented  in  /af ,  This  sodmi  1*  baaed  on  the  eaeumption  that 
wav'**  are  excited  in  the  shear  layer  above  the  orifice  by  the  sound  pressure  aiffermnea 
between  both  the  aides  of  the  orifice i  these  wtve s  iaf lu-snce  the  particle  velocity  through 
the  orifice . 
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Fig.  2:  Impedance  Wj  (Ns/aS>  of  an  orifice  with  grating  flow  ot  various 
frequencies.  The  flow  velocity  U  (n/e)  ia  written  at  the 
measured  points.  (Radius  a  s  2  mi,  length  1  *  %  as) 

4.2  Koggalisation  cf  the  impedance 

The  flow  dependence  of  the  impedance  is  found  to  be  nearly  independent  of  the  length  of 
the  orifice,  at  least  if  the  length  ie  greater  than  the  diaretar  of  the  orifice.  There¬ 
fore,  we  assume  that  all  changes  of  the  impedance  Wy  are  due  to  changes  of  the  inpedence 
W  of  the  endcorraction  exposed  to  the  grating  flew.  This  means  that  we  subtract  frost  the 
impedance  of  the  orifice  the  parte  due  to  the  neck  and  the  inner  endcorreotion. 

With  air  at  rest  Re(W)  ie  very  snail  and  it  is  due  to  vitcous  leases  in  the  vicinity  of 
the  orifice  end  to  the  radiation  of  acoustic  energy.  In(W)  JiisO)  cone  spends  to  the  tease 
of  the  endcorreetion.  In  the  following  it  is  used  to  normalise  the  impedance  W.  thus  ob¬ 
taining  W|).  The  flow  velocity  ie  normalised  by  the  factor  obtaining  the  reciprocal 
Strouhal  nuasbar  S'*  -  U  /ao  . 

As  an  example  Wg  of  an  orifice  of  a  diameter  of  4  mb  at  a  frequency  of  315  Hs  can  be 
seen  in  fig.  5.  At  vary  snail  flow  velocities  an  increase  of  the  stats  part  ia  accompanied 
by  a  decrease  of  the  resistance.  At  S"1  st  1  the  situation  changes,  the  imaginary  part  in¬ 
creases  as  a  function  of  the  flow  velocity.  One  should  realise  that  in  the  presence  of 
flow  the  increase  of  Re(W)  does  not  correspond  to  an  increase  of  sound  radiation  but  to 
the  dissipation  of  acoustic  energy  by  viecosity  or  turbulent  production.  At  a  flow 
velocity  of  about  13  a/e  the  imaginary  part  b«co»es  negative  indicating  that  the  mass  of 


Fig.  3i  Real  part  of  the  is^adaoce  Wt  (!£*/*’>  at  various  frequeaciue  as 

a  function  of  the  flew  velocity  U  {«/*>.  i&tm  orifice  aa  i a  fig. 2) 


Fig.  4j  Usaginary  Bart  of  the  impedance  Wy  (K*/m®)  at  various  frequencies 
as  a  function  of  the  flow  velocity  U(m/s2.  (Same  orifice  aa  in 
fig.  2) 

the  endcorreetion  ie 'blown'  away.  Then,  in  the  'quasietatic*  region  the  impedance  curve 
changes  into  a  straight  line.  At  flow  velocities  greater  than  40  »/o  measurements  made 
with  the  described  treasuring  equipment  no  longer  led  to  reproducible  results.  Therefore 
it  is  not  yet  possible  to  decide  whether  the  decrease  of  mats  continues  with  increasing 
flow  velocity  resulting  in  a  spring-like  behaviour  of  the  orifice. 


,  St  Kormalissd  impedanca  V%  of  an  orifice  us  a  function  of  the 

reciprocal  Strouhal  number.  (Frequency  v  *  415  &*,  radius  a  *  2  m). 

The  flow  velocity  U  (*/*)  is  written  below  the  saaaunsd  points. 

4.3  fh$  impedance  as  a  fuitetiun  of  vgrlcajs  rtrasatars 

The  iupedMtee  %  say  depend  oo  the  following  parasatarss  flow  velocity  U*  angular  fre¬ 
quency  o»  radius  *5  boundary  l«F*r  thickness  e  and  the  kinematic  viscosity  p/p  .  From 
these  parameters  the  following  non-dimensional  numbers  can  be  calculated j  Streuhai-aum- 
bers  S  *  au/y  ,  S,  -  a  fha  Reynolds-runter  Re  »pCf e/p  and  the  ratio  §/a  .  Froa  our 

aeasuremento  am  detained  a  linear  relation  for  Re(%)  iu  the  'quasietatic'  region: 


A  and  8  may  be  functions  of  %  ,  H  sad  $/*  .  The  cooffieiant  A  **nma  to  bv  independent 

o?  the  Reynolds  number »  where**  it  depends  c*  6/3  .  Vp  t>-  now  Furtlwr  nsietice*  could 
not  be  established  because  only  too-  few  data  arm  awiila&lm. 

la  reference  A  *  linear  relation  between  A  end  erne  fbttad  for  Wfcall  vmluea  of  6/a  . 
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Fig.  6:  Coefficient  A  as  function  of  ( 6/2 )3  .  Acoustic!  o  ,  2a  =  1.9  ram; 

A  4  2a  =  3  mm;  a  ,  2a  =  4  mm;  V  ,  2a  =  S  mm;  ^  *  2a  =  ?  mm. 

Static:  •  ,  2a  »  1.9  am;  A  ,  2a  =  3  mm;  e  ,  2a  =  4  mm; 

V  ,  2a  =  S  mm;  ♦  ,  2a  =  7  ma. 

For  comparison i  A  ae  obtained  from  the  recent  measurements  is  plotted  in  the  same  manner 
(fig.  6,  open  points).  The  boundary  layer  at  these  measurements  was  thicker  than  that 
at  the  measurements  of  /V  where  8  had  not  been  measured  directly  but  was  assumed  to  be 
proportional  to  (U)*1'2.  For  small  (b/a)2  the  data  p) at ted  in  fig.  6  show  a  linear  depen¬ 
dence  as  in/V • 

4  *  0.92-4.8(9/9^ 

(straight  line  in  fig.  6)  For  higher  values  of  8/a  the  measured  points  lie  above  this 
straight  line.  This  Is  reasonable  since  otherwise  the  real  part  of  the  impedance  would 
get  negative  for  (b/a)3  greater  than  0.17. 

Another  kind  of  normalisation  of  the  impedance  could  be  achieved  dividing  by  the  factor 
ac  .  A  brief  calculation  shows  that 

is  valid.  The  extrapolation  of  o  ds«n  to  sero  yields; 

ESMl  Q98A  U 

#e  vW  ^  c  •  , 

The  coefficient  A  cnn  be  ragardsd  as  a  coefficient  of  proportionality  which  is  given  by 
the  static  flow  resistance  fruQ)  .  This  static  flow  resistance  of  the  orifica  was  measured 
by  a  email  steady  flow  through  the  orifice ;  it  increases  linearly  with  the  flaw  velocity. 
In  fig.  6  the  coefficient  A  se  calculated  from  the  static  measurements  (solid  points)  is 
compared  with  the  acoustically  measured  points.  There  are  some  discrejwmcies  which  pnobab 
ly  arise  from  the  limited  accuracy  in  extrapolating  the  coefficient  A  from  the  acoustical 
measurements . 

In  case  3/e  gate  large  compered  to  unity  on*  chould  obtain  a  linear  relation 

(according  to  /3/  >.  Therefore  the  measured  data  for  A  er*  plotted  a*  »  function  of  2/8 
in  fig.  7.  There  is  some  evidence  that  A  goes  to  zero  if  a/ 5  does.  The  scattering  of  tha 
measuring  points  ia  too  great  to  verify  the  linear  relation  given  above .  Especially  it 
is  not  possible  to  determine  tha  value  of  A'. 


8.  UWUmM  FfcOPttTIES  OF  THE  ORIFICE 


Another  interacting  fact  is  that  the  flow  dependence  of  the.  impedance  very  strongly 
changes  if  a  narrow-*-.,' shed  gtus*  screen  is  stretched  across  the  orifice  at  various  distan¬ 
ce*  from  its  top  edge  /V  .  It  is  remarkable  that  an  influence  of  the  gause  screen  on  the 
change  of  the  impedance  in  the  prsssnce  of  flew  occur*  even  if  the  screen  is  located  at 
the  bottom  edge  of  tha  orifice.  Additional  ly,  recent  measurement#  showed  that  tha  flow 
dependent  changes  of  the  impedance  vary  with  the  volume  of  the  eevity*  A  provisional 
explanation  can  be  given  as  follcwe. 

For  air  at  rest  the  orifice  ie  driven  in  the  linear  region.  But  in  the  praassace  of  flow 
tha  properties  of  ths  orifice  become  nonlinear  though  the  gsriiele  velocity  still  re¬ 
mains  small.  In  spite  c?  the  laminar  flow  above  the  orifice  tuTfcclsat  fluctuxticss  of 
the  paf’t'iele  velocity  thresh  the  orifice  rere  by  the  hot  wire  probe.  Th*s® 

fl'oorusticnB  might  originate  fra*  the  instabilities  of  the  frea  abiar  layer  abase  the 
briiice  and  sight  lead  to  tv&elic****  interectiona  eith  the  rieuaoiiai  msaauriat  missal, 
ttetw  could  be  tome  dependence  of  the  instability  or  tM  noeUsear  1st  erection  oe  the 
acoustical  impcdaac*  of  the  orifice  together  with  the  cavity  and  eventually  tha  gauge 


Fig.  7:  Coefficient  A  as  function  of  W6  .  The  symbols  have  the  same  meaning 
as  in  figure  S. 

screen.  This,  indeed,  vould  causa  such  changes  of  the  impedance  as  oantionad  above.  From 
this  point  of  view  it  is  interesting  to  investigate  the  change  of  the  impedance  by  graz¬ 
ing  turbulent  flow  because  there  would  be  a  stronger  evidence  of  such  postulated  non- 
1 inear'ef'fects .  Therefore  on  improved  measuring  equipment  has  been  built  up  by  which  it 
is  possible  to  Measure  even  in  the  case  of  turbulent  flow. 
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SUMMARY 


The  propagation  of  a  weak  normal  shock  wave  through  a  turbulent  atmosphere 
Is  studied  in  terms  of  an  idealized  model.  The  turbulent  field  is  assumed  to  be  weak 
and  represented  by  the  superposition  of  two  inclined  shear  waves  of  opposite  inclination 
to  the  mean  flow.  The  resulting  flow  is  of  a  cellular  nature.  The  cells  are  reotangular 
in  shape  and  the  sense  of  rotation  of  the  flow  alternates  from  cell  to  cell.  If  the 
angles  made  by  the  normal  of  the  incident  shear  waves  with  the  direction  of  the  mean  flow 
are  greater  than  some  critical  value  an  exponentially  decaying  pressure  wave  is  generated 
behind  the  3hoek.  'Spiked'  or  'rounded'  waveforms  are  obtained  by  adding  or  subtracting 
this  pressure  wave  from  the  steady  state  pressure  field.  An  illustrative  example  for  a 
mean  flow  Mach  number  of  1.0005  is  considered.  This  gives  a  steady  state  overpressure  of 
2. <15  lb.  ft.-2  across  the  shock  which  i3  typical  of  the  overpressure  in  a  sonic  boom. 


LIST  OP  SYMBOLS 


Symbol 

A' 

B' 

Cv 

c 

p 

f 

M 

P 

P 

P* 

S' 

3 ' 
t 
U 
u 

y 

x,  y 

a 

a 

Y 

e 

*1 
A 

v 
P 
a 


v* 


•  or 


v 

Subscripts 


Definition . 

amplitude  of  perturbed  u'  velocity  component 

amplitude  of  perturbed  v'  velocity  component 

specific  heat  at  constant  volume 

speed  of  sound 

defined  in  Equation  (22) 

perturbed  shock  position 

Mach  number 

defined  in  Equation  (8) 
pressure 

perturbed  pressure 

amplitude  of  the  entropy  perturbation 

perturbed  entropy 

time 

velocity 

perturbed  velocities  in  the  x  and  y-direotions  respectively 

amplitude  of  shear  wave 

cartesian  coordinate 

noo-disenelotial  shock  dieplaoeaent 

coa  6 

a  In  8 

apecific  heats  ratio 

angle  made  by  the  non**!  of  the  disturbance  wave  with  the  x-axia 

critic*!  angle 

wavelength 

damping  coefficient 

density 

defined  in  Equation*  t'6)  and  (7) 
period 

phase  angle  of  perturbed  pressure 
phase  angle  of  perturbed  shock  position 
circular  frequency 


1 

t 


denote*  condition*  in  front  of  shock  wave 
dseoie*  condition*  behind  shock  wave 


1.0  INTRODUCTION 


The  effects  of  atmospheric  turbulence  on  sonic  boom  propagation  have  received 
widespread  Interest  In  recent  years.  Ground  measurements  of  the  pressure  traces  generated 
by  bomber  and  fighter  aircraft  show  that  precise  N-waves  are  rarely  encountered,  but 
instead,  'spiked' ,  'rounded'  or  approximately  N-shaped  signatures  are  observed.  These 
various  waveforms  are  generally  attributed  to  turbulence  in  the  planetary  boundary 
layer1 ' ,  Other  interesting  features  of  the  sonic  boom  are  the  anomalous  rise  times 
large  differences  in  overpressures  over  short  distances,  and  large  temporal  variations  in 
maximum  overpressures  at  a  fixed  location. 

Complementing  these  experimental  observations  a  number  of  theoretical  attempts 
have  been  made  to  establish  a  model  of. sonic  boom  distortion.  Crow2'  proposed  a  first 
order  scattering  theory  incorporating  both  inertial  and  thermal  interactions  and  was  suc¬ 
cessful  in  predicting  some  of  the  statistics  of  random  perturbations  in  the  boom 
signature.  An  improvement  of  this  model  taking  into  consideration  the  thickened  shock 
structure  has  been  given  by  George  and  Plotkin21  who  argued  that  the  rounding  and  thick¬ 
ening  of  the  shock  structure  are  due  to  the  strong  turbulent  scattering  of  high  frequency 
wave  components. 

The  narrow  'spike'  widths  have  been  explained  by  Pierce1*'1  as  being  due  to 
loss  by  diffraction  of'  the  lower  frequency  portion  of  the  boom.  However,  the  theory  is 
primarily  qualitative  and  gives  relatively  few  predictions  which  can  be  quantitatively 
compared  with  existing  sonic  boom  data.  Pierce^1  also  gives  an  explanation  of  the 
anomalous  rise  times  caused  by  atmospheric  turbulence  based  on  an  extension  of  the  con¬ 
cept  of  geometrical  acoustics .  He  suggested  a  wavefront-folding  mechanism  such  that  the 
shock  is  made  up  of  a  large  number  of  microshocks,  and  the  long  rise  time  is  due  to  the 
gradual  build  up  of  pressure  across  these  very  weak  shocks.  However,  most  of  these 
theories  are  based  on  a  number  of  approximations  and  assumptions  which  lack  rigorous 
Justification,  and  experimental  verification  is  non-existent. 

In  this  paper  a  different  approach  is  used  to  investigate  the  distortion  of 
the  sonic  boom  waveform.  Instead  of  the  usual  statistical  approach  as  used  in  the  above 
mentioned  studies,  a  regularized  model  of  turbulence  (an  array  of  rectangular  cells)  is 
pi oposed  and  the  interaction  wit^i  a  normal  shock  wave  is*  analysed.  The  ideas  originate 
from  the  earlier  work  of  Rlbner6j,  who  considered  the  convection  of  a  certain  pattern  of 
vorticity  through  a  shock  wave  (Pig.  1). 

The  specified  pattern  of  vorticity  consisted  of  a  single  Fourier  component 
of  an  arbitrary  velocity  field  (which  might  be  a  turbulent  field)  and  can  be  represented 
by  a  planar  shear  wave  which  ir  being  carried  along  by  the  mean  flow.  The  shear  wave 
ha3  vorticity  by  virtue  of  a  sinusoidal  variation  in  velocity  with  distance  perpendicular 
to  the  wavefront.  If  we  superimpose  two  such  shear  waves  which  are  inclined  to  the 
shock  front  but  in  opposite  inclination,  the  resulting  flow  is  of  a  cellular  nature 
(Pig.  2).  The  cells  are  rectangular  in  shape  and  the  sense  of  rotation  of  the  flow 
alternates  from  cell  to  cell.  In  a  coordinate  system  where  the  mean  shock  position  is 
stationary  these  cells  are  convected  by  the  main  flow,  and  the  two  velocity  components 
in  the  cells  have  sinusoidal  variations  in  the  directions  along  and  perpendicular  to  the 
flow. 


Pigure  3  shows  the  undulations  of  the  shock  front  to  be  expected  as  it 
propagates  through  the  cellulsr  flow  'turbulence'.  Associated  with  the  undulations  will 
be  distortions  of  the  shock  profile.  The  analysis  herein  will  be  directed  toward  cal¬ 
culating  these  distortions. 

In  Ribnor's  solution  the  unsteady  flow  problem  was  treated,  as  an  equivalent 
steady  flow  problem  by  a  coordinate  transformation.  When  considering  two  shear  waves 
inclined  to  the  shock  in  the  opposite  sense  it  Is  necessary.,  however,  to  choose  & 
stationary  coordinate  system  and  consider  the  flow  to  be  time  dependent  It  is  assumed 
that  the  amplitudes  of  the  shear  waves  are  equal  but  snail  compared  to  the  mean  flow  so 
that  they  can  bs  combined  linearly.  The  undisturbed  shock  wave  is  taken  to  be  stationary 
and  perturbations  of  the  shook  front  are  generated  by  the  rotating  flow  in  each  cell. 

Similar  to  Ribner's  results  for  s  single  shear  wave,  if  the  inclination  of 
the  shear  wave  to  the  shock  is  greater  than  occse  critical  value  the  individual  shock 
disturbances  can  ecchine  to  radiate  c-ound  waves.  However,  if  the  angle  is  less  than  the 
critical  an  exponentially  decaying  pressure  field  will  be  gsnetated.  How  if  the  cells 
are  made  up  by  shear  waves  inclined  at  angles  to  the  shock  front  leas  than  the  critical 
value,  then  'spiked'  or  'rounded'  wave forms  can  be  obtair.ee  fey  adding  or  subtracting  the 
decaying  pressure  wave  from  the  steady  state  pressure  field. 

In  extending  the  results  to  sonic  boos  studies,  it  should  be  noted  that  the 
analysis  considers  the  pressure  behind  the  unperturbed  shack  Jump  to  be  uniform.  How¬ 
ever,  following  the  leading  shock  of  fi  sonic  bc-ofc  h'-wave,  the  pressure  decreases  linearly 
owing  to  the  expansion  waves  trailing  behind  the  shook  front.  The  situation  is,  however, 
correctly  sodeiled  for  the  rear  shock  ef  the  H-vsve,  dewnstreas  of  which  She  pressure  is 
uniform.  Experimentally ,  both  front  and  rear  shocks  appear  to  surfer  virtually  identical 
incremental  distortions  an  p&ssdge  through  ataospherie  turbulence;  thus  the  linear  pres¬ 
sure  decay  behind  the  undisturbed  front  shock  does  not  appear  to  have  a  significant 
Influence. 


2.0 


THEORETICAL  FORMULATION 


2.1  (Joveming  Equations 


Consider  the  uniform  flow  of  a  nonviscous,  nonconducting  perfect  gaa.  With 
reference  to  a  stationary  rectangular  frame  of  coordinates  with  the  x-axls  in  the 
direction  of  the  main  flow,  the  equations  of  the  propagation  of  weak  plane  disturbances 
can  be  written  as: 


+  U 


|El' 

3x 


i 


+  P 


0 


(1) 


3u  1 

yr 


+  u 


1  3£j_ 
P  3x 


(2) 


3  v ' 
3t 


1  3p' 

p  3y 


(3) 


3s  1 
3t 


+ 


U 


0 


oo 


where  U,  p  and  c  are  the  velocity  of  the  mean  flow,  unperturbed  density  and  speed  of 
sound  respectively.  The  primed  quantities,  that  is,  p’,  u’,  v',  and  s',  denote  the 
perturbed  pressure,  velocity  components  in  the  x  and  y  directions,  and  the  entropy 
respectively. 


Following  an  approach  similar  to  that  given  by  Johnson1^  in  the  study  of  the 
Interaction  of  a  sound  wave  with  a  shook,  we  let  8  be  the  angle  made  by  the  normal  of 
the  disturbance  wave  with  the  x-sxis.  Furthermore,  we  define  a  »  cos  6  and  0  »  sin  8 
and  assume  the  perturbations  of  the  mean  flow  to  be  of  the  form: 


p,  -  c,eio(ax*0y)  -  iut 
u,  „  A,eio(ax+6y)  -  iut; 
v>  -  B,#lc{ax+6y)  -  lwt 
s'  -  s,eio(ax+By)  -  iut 


(5) 


where  C',  A',  B' ,  and  S'  are  the  amplitudes  of  the  perturbed  quantities  and  u  is  the 
circular  frequency.  Substituting  Eq.  (5)  into  Eqs .  (1)  to  (U)  we  obtain  (Fig.  1), 
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a  «  i  ^aoun(3 


(6) 


or 


U 

G  "  fe  ^ shear-entropy  wave? 


(7) 


where  N  is  the  Rach  number  of  the  mean  flew.  The  negative  sign  In  Eq.  (6)  corresponds 
tc  a  sound  wave  propagating  In  the  direction  against  the  flow  and  this  is  discarded  in 
the  present  study.  Since  the  flow  is  irrotati'onal  in  a  sound  wave,  the  coefficients  in 
Eq.  (5)  can  be  chosen  accordingly  to  give: 
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and  for  the  shea? -entropy  wave  we  specify  a  flow  of  sere  pressure  perturbation  (the 
sound  wave  accounts  for  the  entire  amount)  and  sero  dii erger.ee.  Thus,  the  two  tents  of 
£q.  (1)  vanish  separately  and  Eq.  (5)  takes  the  fora: 
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where  W  is  the  amplitude  of  the  shear  wave. 


2.2  Boundary  Conditions 


Let  x  «  f(y,t)  be  the  perturbed  shock  front  displacement  from  its  steady 
state  value.  Using  the  oblique  shock  relations  and  making  the  assumption  that  3f/3y  and 
3f/3t  are  small,  the  linearized  Ranklne-Hugoniot  relations  for  the  perturbations  behind 
the  shock  wave  are: 
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(10) 


The  subscripts  '1'  and  ’2’  refer  to  conditions  in  front  and  behind  the  shock  respectively, 
and  Mj  is  the  mean  flow  Mach  number. 

2.3  Angle  Relations  for  Refracted  Shear  Wave  And  Sound  Wave 

Consider  a  single  shear  wave  convected  by  the  ae'.n  flow  at  a  velocity  U. 

Let  9,,  9,  and  3}  represent  the  angles  made  by  the  normals  of  the  incident  shear  wave, 
refraoted  shear  wave  and  sound  wave  respectively  with  the  horisontal  (see  Rig,  1)  and  a 
ai.d  9  to  be  the  cosine  and  sine  of  6  with  the  appropriate  subscripts  for  each  of  the 
three  different  sets  of  waves.  Immediately  behind  the  shook  (x  •  0),  the  refracted  shear 
wave  and  sound  vfcve  must  combine  to  be  in  pnasc  with  the  input  shear  wave.  Prcn  Sqs .  (8) 
end  ($),  the  exponential  factors  auat  be  equal  ar.d  we  obtain  the  following  equation  for 
x  ■  0: 
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The  critical  angle  £>icr  is  determined  as  arc-tan  of  the  R.H.S.  of  Eq .  (lit) 
and  ic  a  function  of  the  mean  flow  Mach  number  only.  For  8,  <  3)  ,  the  individual  sound 

disturbances  behind  the  shock  can  combine  to  radiate  plane  sound  waves.  If  8,  >  6, 

.  I  Q-p 

an  exponentially  decaying  pressure  field  will  be  generated  instead.  Since  tv*'  latter  is 

the  case  of  interest  in  studying  the  distortion  of  the  waveform  behind  the  shock,  the 

analysis  will  only  be  carried  out  for  8 ,  >  f 

*  *cr 


?..k  Decaying  Pressure  Wave 


For  8i  >  8j  ,  let  us  assume  the  exponential  factor  in  Eq .  (5)  to  be  of  the 

form  i[(oa+iv)x  +  agy  -  wt].  If  v  >  0,  the  pressure  wave  decays  exponentially  in  the 
x-dlrectlon  but  not  in  the  y-dlrectio.n  since  it  must  be  in  phase  with  the  input  shear 
wave.  Using  this  exponential  factor  for  tt.  perturbation  quant l- at  Ives  in  Eq .  (5),  we 
obtain  the  following  expressions  for  o  and  v  after  substituting  Eq.  (5)  into  Eqs .  (1)  to 
(H): 


u 

(J 

0  =  rr-  and  V  =  0 
Mo 


(shear-entropy  wave) 


(15) 


or 


and 


v2 


c2(1-M2o2;  +  2 


i  -  m3 


2  caM  -  K 
c  c* 


(decaying  sound  wave) 


(16) 


Equation  (15)  is  the  same  as  the  results  obtained  from  Eq.  (7),  and  unlike  the  sound 
wave,  the  refracted  shear  wave  does  not  decay  along  the  x-axls.  Behind  the  shock  wave 
we  have: 


8 

oj  t 


C(  ",CJ  J 


eg, 


by 

t 


y  equating  the  exponential  factor  of  the  incident  shear  wave  to  the  sound  wave.  i 
his  expression  and  the  fact  that  a;  +  S,  «  1,  Eq .  (16)  can  he  simplified  to  give: 
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0  _  "sW-viV5  ~  "dMf-ih.'* \ 
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To  determine  the  -disturbance  field  we  superimpose  the  solutions  for  two 
shear  wares  inclined  at  @j  and  -?j  to  tb.«  niir  flow.  The  perturbed  shock  front  is 
assumed  to  consist  of  two  ccscpenenta  fj  fj  proportions!  to 


i  —  .s-*- 
.  *1  =  ) 


and 


~  6-*-  s  it* 
e  '•l 


respectively.  Ksking  use  cf  the  hour ;  ary  *  given  Sr  ..q.  (ID', 

fallowing  expression*  for  the-  -Jecaylnj  pressure  field  dcvr.itrv.ac  of  the 
the  shape  of  the  perturbed  sh^ck: 
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shock  ware  and 
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-vx-i 

e 

i~Mj  37  x+ut-*p 

(21) 


r  “  -  ^^7 


F  sin 


f  u_  A. 

l°i  Miai 


ye 


iUp-wt) 


(22) 


where  P,  4>p,  F  and  4>p  are  given  in  the  Appendix.  Wj  and  X  are  the  amplitude  and  wave¬ 
length  of  the  incident  shear  wave  respectively.  Since  the  shear  waves  are  convected  by 
the  mean  flow,  u  is  related  to  the  mean  flow  Mach  number  by  the  following  relation: 


„  „  2t 

(l)  U  ig— - 

X  Ci 


Oj 


(23) 


Finally,  the  velocity  disturbance  field  upstream  of  the  shock  -  the  cellular  flow  'turbu¬ 
lence'  -  is  given  by: 


( „  8  x  i  :r-  ,t-  -  iwt 

ui  -  -«Mi  (st  y)e 
vi  -  2w“i cos  (37  Mfe  y)e  Cj  ‘h 


(24) 


-  iwt 


3.0  AN  ILLUSTRATIVE  EXAMPLE 

A  numerical  example  of  the  propagation  of  a  weak  shock  through  our  cellular 
flow  'turbulence'  will  illustrate  the  formation  of  'spiked*  or  'rounded'  waveforms.  The 
mean  flow  Mach  number  is  taken  to  be  1.0005  giving  A  steady  state  overpressure  of  2.1)5 
lb.  ft.~2  across  the  shock  which  is  typical  of  the  overpressure  in  a  sonic  boom®.  In 
order  to  obtain  an  exponentially  decaying  pressure  wave  behind  the  shock  the  angle  Oj 
made  by  the  normal  of  the  incident  shear  wave  with  the  x-axis  must  be  greater  than  the 


critical  value  0j 


cr 


In  this  example  81  is  taken  to  be  equal  to  0,  and  the  results  for 


0] 


elcr  are  quantitatively  the  same  since  the  pressure  amplitudes  change  only  very 


slightly  with  8j  for  this  Mach  number. 

In  Figure  l)  the  non-dimensional  pressure  disturbance  field 


2J. 

Wj 


and 


perturbed  shock  shape  xs  =  j  are  plotted  using  the  real  part  of  Eqa.  (21)  and  (22) 

for  Mj  »  1.0005.  The  x  and  y  cooidinates  are  non-dimensional ized  with  respect  to  the 
wavelength  X  of  the  incident  shear  wave,  while  the  time  t  is  normalized  with  respect  to 

the  period  of  one  oscillation  t  *  For  81  »  0icr  the  computations  show  that  p^  lags 

f  by  90  degrees,;  this  can  be  seen  In  the  figure  for  times  ^  and  when  the  pressure 
reaches  a  maximum  while  the  deviation  of  the  perturbed  shock  shape  from  the  mean  is  zero. 
At  times  %  »  0,  j  the  perturbed  pressure  behind  the  shock  is  negligibly  small. 

The  sinusoidal  variations  of  the  perturbed  pressure  and  shock  front  with  y 
are  clearly  indicated  in  Eqs.  (21)  and  (22).  Since  v  is  very  large  (v  »  3100  )  for 

Mi  «  1.0005,  the  pressure  profile  decays  very  rapidly  and  the  wave  is  damped  out  com¬ 
pletely  before  any  oscillations  in  the  x  direction  can  be  detected.  If  the  amplitude  W] 
and  the  wavelength  X  of  the  incident  shear  wave  are  given,  then  p|  can  be  determined,  and 
the  shape  of  the  'spiked'  or  'rounded'  waveform  can  be  obtained  by  adding  or  subtracting 
p£  from  P2 • 


To  obtain  an  idea  of  the  magnitude 

>*.  \*f*  Annum a  a  VAltiA  rtf  W L 


of  the  'spike'  for  a  realistic  level  of 


'turbulence',  we  assume  a  value  of  al  «  o.l  and  find  that  the  peak  pressure  fluctuation 

1 1 

is  approximately  50J  of  the  steady  state  pressure  p2-  In  the-  planetary  boundary  layer  a 

value  of  ^  »  0.1  corresponds  to  gusts  of  approximately  70  ra.p.h.,  which  are  not 
ci 

infrequent . 


•More  specifically,  it  is  of  the  order  of  the  peak  overpressure  produced  at  the  ground  by 
an  SST  in  cruising  flight;  this  includes  a  reflective  pressure  doubling.  Thus somewhat 
away  from  the  ground  our  example  has  about  twice  the  strength  of  an  SST  pressure  sig¬ 
nature  and  in  more  typical  of  a  strong  boom  from  a  fighter  airplane  at  lower  altitude. 
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\ 


J 


y , 

However,  witte  this  choice  of  'turbulence'  level  g—  we  have  violated  a  basic 
assumption  implicit  in  the  analysis.  For  a  given  value  of  the  mean  flow  velocity  there 
is  a  corresponding  maximum  shear  wave  velocity  Wi  (analogous  to  turbulent  'wind*  velocity) 
which  must  not  be  exceeded;  this  results  from  the  requirement  in  the  theory  that  the  ve¬ 
locity  normal  to  the  shock  wave  be  everywhere  greater  than  the  speed  of  sound.  This 
limiting  value  of  W;  scales  downward  with  decreasing  shock  strength  and  is  very  small 
indeed  for  sonic  boom  shocks .  For  realistic  value  of  atmospheric  turbulence  velocities 
the  limit  must  be  exceeded  manyfold,  and  thus  the  theory  is  applied  well  outside  its 
valid  region. 

4.0  CONCLUDING  REMARKS 

The  interaction  of  a  weak  shock  with  a  regularized  model  of  a  turbulent 
field  -  a  cellular  flow  -  has  been  studied.  'Spiked'  or  'rounded*  waveforms  are  obtained 
as  a  superposition  of  a  decaying  pressure  wave  perturbation  on  the  steady  atate  pressure 
field.  For  weak  shocks  typical  of  those  in  sonic  booms  and  moderate  turbulence  wind 
velocities  (peak  velocities  of  the  order  of  70  m.p.h.)  the  equations  of  the  analysis 
predict  pressure  fluctuations  of  the  order  of  plus  or  minus  50$,  according  to  whether  the 
waves  are  'spiked'  or  'rounded'. 

If  two  of  the  planar  cellular  flows  of  our  model  are  superimposed  with  their 
flow  planes  at  right  angles,  the  result  is  a  three-dimensional  cellular  flow  in  long, 
narrow  boxes.  This  somewhat  more  realistic  simulation  of  turbulence  will  double  the 
predicted  pressure  fluctuations,  for  the  same  peak  'turbulence'  velocity. 

Although  the  heights  of  the  'spikes'  appear  to  be  simulated  reasonably  well, 
the  widths  are  not.  According  to  Figure  4,  the  spikes  decay  so  fast  as  to  be  much  too 
narrow  compared  with  those  typically  observed  In  sonic  boom  signatures;  the  factor 
appears  to  be  10-  to  50-fold. 

The  theoretical  model  is,  moreover,  limited  to  very  weak  'turbulence'  veloc¬ 
ities  when  the  shocks  are  very  weak:  the  permissible  'turbulence'  level  and  shocit  strength 
are  tied  together.  This  is  dictated  by  the  basic  assumption  that  the  flow  be  everywhere 
supersonic  upstream  of  the  shock.  Thus  for  the  cited  results  the  equations  were  applied 
well  outside  their  legitimate  range  of  validity.  The  example  should,  nevertheless,  be 
adequate  to  demonstrate  qualitative  behavior;  it  may  be  expected  to  show  least  error  for 
the  'spiked'  waveform  prediction,  upstream  of  which  the  flow  is  always  looally  supersonic. 
In  particular  the  height  of  the  largest  spikes  along  the  sinuous  shock  should  be  correct, 
as  it  depends  solely  on  the  Rankine-Hugoniot  relations  applied  to  a  normal  shock. 

Some  more  serious  difficulties  with  our  model  are  as  follows.  The  'turbu¬ 
lence'  is  simulated  -  even  In.  the  more  realistic  three-dimensional  version  -  as  a  cellular 
flow  in  long,  narrow  boxes,  For  the  Specified  Mach  number  M  •  1.0005  only  slightly  above 
unity,  theoretical  considerations  constrain  these  boxes  to  have  a  length/width  ratio  of 
the  order  of  30.  Such  boxes  are  indeed  Fourier  components  (in  a  sense)  of  the  turbulence, 
but  are  hardly  'typical'  components.  The  analysis  suggests  that  these  are  the  components 
that  dominate  the  'sonic  boom'  pressure  signature  distortion,  but  this  is  not  really 
proven. 


To  carry  the  thought  further,  the  several  shear  waves  constituting  our  cel¬ 
lular  flow  model  are  properly  regarded  as  Fourier  components  of  an  arbitrary  flow.  The 
results  developed  herein  for  the  individual  shear  wave-shcok  Interactions  can  be  put  into 
statistical  relations  to  yield  the  interaction  of  a  turbulent  flow  with  a  shock  wave  (the 
general  procedure  la  developed  in  Ref.  8).  In  this  case,  however,  only  statistical  quan¬ 
tities,  e.g.  r.m.s.  height  of  the  spike,  can  be  computed  for  given  circumstances ,  and  the 
shape  of  individual  spiked  signatures  is  not  predicted.  The  deterministic  model  has 
then  been  exchanged  for  a  stochastic  one, 

5 . 0  RSFBRBNCES 

1.  Herbert,  G.A,  ,  Hssa,  W.A.  and  Angell,  J.K.  A  Preliminary  Study  of  Atmospheric 
Effects  on  Sonic  Boos,  Journal  Appl.  Meteorology,  Vol.  8,  1?69,  pp.  6l$~6?6. 

2.  Crow,  S.C.  Distortion  of  Sonic  Bangs  by  Atmospheric  Turbulence.  J.  Fluid  Mech., 
Vol.  37,  pt.  3,  1969,  pp.  S29-563. 

3.  George,  A.R.  and  Piotkln,  K.J.  Propagation  of  Sonic  Booms  and  other  Weak  Nonlinear 
Waves  through  Turbulence.  Phya .  Fluids,  Vol.  14,  No.  3,  1971,  pp.  548-554. 

4.  Pierce,  A.D.  Spi.kea  on  Sc-aie  &ooe  Pressure  Waveform..  J,  Aooust.  Soc.  Arne 7.  ,  Vol. 
44,  1968,  pp.  1052-1561. 

5.  f’ierse,  A.D.  Statistical  Theory  of  Atmospheric  Turbulence  Effects  on  Sonic -Boom 
Rise  Times.  J,  Aeoust.  Soc.  Aaer.,  Vol.  so,  1971,  pp,  906-924, 

6.  Rlbner,  H.S.  Convection  rt  a  Pattern  of  Vortlcity  through  a  Shockwave.  NACA  Rest, 
1164,  1954. 

?.  Johnson,  W.R.  and  Laporte,  G.  (Project  Supervisor).  The  Interaction  of  Plane  and 
Cylindrical  Sound  Waves  with  a  Stationary  Shook  Wave .  Univ.  of  Michigan  Tech.  Rep. 
253  9-8-7  (Project  2539,  Dept,  of  Navy,  OMR  Contract  No.  'Nonr-12?$9{S)) ,  June  195? 

8.  Ribner,  H.S.  Shc-ok -Turb u 1 e n ce  Interact Ion  and  the  Generation  of  Noise.  NACA  Kept. 
1233,  1955- 


1 


i 

1 


I 


i 

] 

i 

j 


;1 
■  1 

1 


INC50ENT  \ 
she  aii  mve 


SOUND  WAVE 

Tfoi- 

y/f 

N  / 


REFRACTED  SMEAR 
'IWTROFY  WAVE 


s  «  0 


n&bmmmrtm  of  an  (mumt  smm  m 

(SHOOS  DISTORTION  NOT  SNOW 


16-A-l 


APPENDIX 
and  shook  shape  are  given  as 


In  Eqs.  (21)  and  (22),  the  values  of  P,  P  and  for  the  pressure  field 

nr n  o \  \rr*r\  on  r  r 


_ s _ 

/as+bs 

(Al) 

arc  tan  - 

b 

a 

(A2) 

/aJl^T 

(A3) 

arc  tan  - 

fad+bc] 

(Ait) 

where 


1  f  P0 

y4tm»  C(M?n)  “l02 "  (M‘“15  61621 


‘(y-UhJ  -  i 


(y+Dk? 


OjB^j  -  ttfgj 


I 


a  -  ff-  5t  »,«!  -  <»!-»  m,i 

!)H 


+  7T"T  ^aia2^i  +  aifijij) 


h  *  as (ojS j  +  fl26%) 


Y 

5i!i 

Pi  °2 


(y-DH*  -  2 

- - - —  8,0,  -  0.8, 

,  (Y*l)«j  52  *  * 


Y™+’ln  Mi®i  -(aifii+Bjfij) 


d  “  f-TT  H»6i  <<W«W 


and 


nit* 

V  * 

of  *  efa 

o  e  n 
of  <  ef'4 


«, *  4SPT 

*5  ♦  #?» 

M 

4fc  *  -^..'■‘A-,.,!-.  /A81— si 


*  of  +  sfs 


’1"»S 


A  - 


i  Zl 


K*  -  1 


E  - 


MJ  Y  ♦  1 

C(v>l)Wf  *  23s 
(Y  ♦DiKf 


Uv-DKf  4  2] 


whc-sw 
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SUMMARY 

This  paper  it  concerned  with  the  preeaure  signature  of  aa  ideal  N-ehaped  sonic  boom  canned 
by  ah  accelerated  projectile;  especially  it*  signature  in  the  surrounding  of  the  so-called  caustic  and 
behind  the  caustic  is  discussed  by  the  equations  of  linear  wave  acoustics.  The  calculations  are  per¬ 
formed  for  a  special  cast,  analytically  easily  handled,  where  tho  acceleration  phasa  is  chosen  in 
such  a  way  that  the  corresponding  Mach-cone,  modified  by  the  acceleration,  is  composed  of  a  trun¬ 
cated  cone,  the  lower  part  of  which  has  a  circle  like  curved  surface  and  the  upper  pert  is  an  ordinary 
straight  cone. 

The  proposed  theory  yields  results  which  are  in  good  agreement  with  measurements. 


SQMMAIRE 

Dans  ce  travail,  on  traite  d*  la  signature  da  la  prsasioa  d’un  bang  supcrsoniqusi  idJal,  ea 
forme  de  N  cause  par  un  avion.  On  ea  determine  nofsmmsnt  te  comportetsant  dsis*  la  vciainsg* 
immldiat  d*uae  cauetique  et  I  tats  distant*  suttisssstraeet  grand*  eefri^re  1$  csustlqua  S  l‘aid*  das 
fejualioo*  da  l*acouaUqsw  Ue&ire  dee  codes.  La*  calctda  gent  *ff*ctu*5  poer  wjess  type  facile  1 
traits?  aastytiquaweet,  En  l*  phasa  d'aedt&ai./on  da  l*  avion  eat  interpret^  de  telle  fa^en  qua 
l*  ctwnide  de  Mach  tjui  ea  fait  peril*  at  qai  «et  Banditti  par  l*sccil«r*tio«  se.compeae  d'ua  tr&c  de 
cone  *vtc  glaeraudc*  circulate*  et  peurfe  da  troac  droits. 

La  thaorie  proposes  coadait  a  das  reaultata  qui  e.orr*a  pendent  Irfan  atm  rsautUt* 


*) 


Dr.  rer.aat,  wtsaaaachtftUuhar  MitarbaStar 


1. 


INTRODUCTION 


The  basic  mechanisms  of  sonic  beam  development  caused  by  an  unaccelerated,  supersonically 
moving  projectile  and  its  propagation  through  a  layered,  homogeneous  atmosphere  are  now  sufficiently 
well  understood.  This  subject  can  be  handled  with  linear  techniques,  if  one  is  interested  only  in  local 
characterietica  of  the  sonic  boom.  One  such  case  is  the  behavior  of  the  flow  in  the  near  field  of  the 
moving  projectile  (apart  from  the  Immediate  vicinity).  Consideration  of  non-linear  effects  becomes 
necessary  when  the  propagation  distance  of  the  sonic  boom  must  bo  taken  into  account.  This  is  the 
case  during  the  development  of  the  sonic  boom,  i.  e.  the  steepening  phase  of  the  shock  wave  system  as 
it  propagates  from  the  near  field  to  the  far  field. 


In  general,  ray  tube  theories,  i.a.  modified  geometric  wave  theories,  constitute  the  starting 
point  for  the  latter  discussion.  These  theories  tske  non-Unear  effects  Into  account  only  in  the  direction 
of  the  ray  tubes;  the  position  and  the  differential  cross  section  of  the  ray  tubes,  on  the  contrary  are 
evaluated  by  using  methods  of  geometric  acoustics. 

In  contrast  to  the  problems  mentioned  above,  the  behavior  of  a  sonic  boom  caused  by  an  accel¬ 
erated  projectile  has  been  less  satisfactorily  solved  in  the  literature,  especially  its  behavior  near  a 
caustic.  Here,  within  the  framework  of  a  ray  tube  theory,  one  understande  a  caustic  to  ba  the  envelope 
of  converging  ray  tubes.  Pbysicatly,  this  implies  a  zero  differential  cross-section  of  the  ray  tubes  at 
the  caustic  and  thereby  leads  to  infinitely  large  pressure  values.  This  means  a  failure  of  the  conceDt 
of  ray  tube  theories  near  a  caustic.  r 

The  aim  of  the  present  paper,  therefore,  is  to  discuss  an  approach  to  overcome  these  diffi¬ 
culties  connected  with  the  eingular  results  of  ray  tube  theories.  We  shall  proceed  from  the  assumption 
that  sonic  boom  focusing  is  a  local  phenomenon  which  can  be  discussed  in  terms  of  linear  wave  acous¬ 
tics,  taking  into  account  diffraction  effects.  For  this  case,  non-linear  terms  in  the  corresponding 
equations  of  motion  discribing  cumulative  effects  due  to  wave  propagation  over  long  distances  have  no 


By  means  of  a  special  case,  in  which  the  acceleration  phase  of  the  flying  projectile  is  chosen  in 
such  a  way  that  the  corresponding  Mach-cone,  modified  by  the  acceleration,  is  composed  of  a  trun¬ 
cated  cone  with  a  circlelike  curved  surface  and  a  straight  cone  apex,  we  shall  show  that  the  theory  we 
suggest  leads  to  results  which  agree  well  with  tho  experimental  results. 


2.  TRANSONIC  THEORIES 

^°f0,^WC,diBCUS*  °Ur  theory  ln  d8Ul1'  wa  »»»U  give  a  short  survey  of  previous  attempts  to  over¬ 
come  the  difficulties  related  to  the  infinite  peak  overpressure  obtained  by  ray  tube  ‘heoriee  at  a  caus¬ 
tic  by  other  investigators. 


Such  investigations  are  similar  to  those  of  boundary  layer  theuriec  (M.  J.  Liehihill  fih 
R‘.N;. t2!>-  where  the  flaw  field  is  divided  into  two  regions;  the  flret  ia  the  region 
outside  the  vicinity  of  die  caustic,  in  which  geometric  wave  theories  can  be  applied,  and  the  second 
Is  the  region  near  the  caustic  itself  -  the  so-called  boundary  layer  region  -  in  which  the  equations  of 
motion  are  reduced  to  modified  transonic  differential  aquations.  The  asymptotically  vaUo  equations  of 
motion  for  these  outer  and  '  inner"  region*  can  then  be  solved,  at  timet  In  principle,  by  ueing  moth- 
oda  cuch  as  the  Matched  Asymptotic  Eapansiotta", 


.  Fwthia  W-D-  Hejw  13)  and  A.  R.  Sestets  {<)  proceed  from  the  following  conception 

in  uiair  tran*oolc  theories*  They  introduce  &  «s$cUt  coor-dicata  «y*ter?\  moving  with  tha  velocity 
*o  •  £  aQ  la  the  velocity  of  sound,  n  ii  a  aoraat  vector  pointing  in  the  direction  of  the  prop¬ 


agation  of  tho  shock  system  at  this  caustic)  and  having  its  origin  always  e«  the  caustic  (sqe  Fig.  1).  in 
this  coordinate  system  the  caustic  turns  oat  to  be,  with  restrictions,  stationary  *nd  the  flow  field 
itislf  is  transonic.  Tbs  original  focusing  of  the  shock  wave  system  appears  as  a  ''reflection''  of  tl» 
shock  wavse  at  the  e«tie  line,  whereby  in  the  literature  a  a  tey  lifted  shock  represented  by  a  Kasvyeids 
function  ic  discussed,  butqj§*?a  N-shaped  shock  wave  eyntem. 


.  ,  V**  Ur!Vtt‘t*capt  f**oriS>*  ****  tteflsction  of  a  weak,  discontinuity  (i.  e.  sa  discontinuity  ia  the 

‘f3  a0{  in  variable*  themsslvee)  at  tho  loalo  line  with  the 

*  -ransou-c  theory  was  made,  as  far  ta  we  are  aware,  hy  L,P,  Laatiau  sad  F  MI  LifschSa  in 
|5{).  They  proceed  from  the  naa-Uaear  hreasooic  diiterwoUal  squaUot.  for  the  flow  potential. 


wheraby  x  and  y  are  apace  coordinates  strained  in  the  usual  way  (see,  for  example,  K,G.  Guderley 

16]). 


y 


Fig.  1:  Coordinate  system  used 
in  transonic  theories 


By  virtue  of  a  Legendre-tranaformation 

!f(u,v)  -xu*yv-|{x,y) 

this  equation  can  be  brought  into  the  form  of  a  Tricomi- equation 


Xiu  ••  u3vv"0  11.2) 

whereby  ip  (u,v)  describes  the  potential  in  the  hodograph  plane,  and  u  and  v  represent  the  com. 
ponanta  of  the  velocity  field. 

The  solution  given  in  (S)  is  esps'esaed  in  terms  of  hypergeometrlc  functions 


5$«-&uv  -  v<v*  ^ ’ H1  r )  {1“3' 

where  A  and  B  are  arbitrary  constants,  and  £  Is  given  by 


Further  detail*  eer  b«  found  in  (3).  Sine- a  that  lima,  however,  it  fcna  been  shown  that  this  eotutina 
leads  to  inconsistencies  and  does  not  describe  satisfactorily  the  affects  in  question  (7  j. 

W.D.  Hayes  [S'  likewise  suggest*  a  Trlcomi.sqsntfioa  of  the  form  (1.2.)  as  at  approximate 
equation  of  motion,  but  with  the  space  coordinates  x  and  y  independent  variables,  The  solution 
for  the  immediate  vicinity  of  the  ceuetie  in  again  expressed  by  hypergeeosetric  functions,  but  it  it  not 
diicusacd  in  depth.  Thus  it  le  not  shown  how  the  flow  fists?  described  by  this  solution  look*  in  tjus  an- 
tire  vicinity  of  the  coordinate  origin,  nor  is  it  shown  what  the  shock  conditions  are  or  what  eh ope  the 
shocks  themselves  have. 

Similarly,  A.  R.  Seabasa  (4)  reduces  a  more  general  problem  to  the  Tricoast  equation  as  well, 
whereby  in  hie  work,  the  independent  variables  ere  exsrenesd  by  suitable  funattorse  dependent  not  only 
on  the  space  variables  but  a?*o  oa  the  holograph  *  -triable#,  The  solution  tx"  this  Tricomi-equation 
given  finally  Hy  A.R.  Seebaes  bee,  however,  carmsa  disadvantages,  in  the  piiyeical  plane  it  dose  not 
Cover  the  SOIL'S  vicinity  of  tht  reiteetton  point  of  t‘»  shock  wavs  st  the  sonic  Use,  but  rather  leaves  e 
"gsp"  for  which  an  additional  soiuUoa  must  be  determined. 
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To  summarize,  It  seems  to  us  that  the  difficulties  connected  with  the  application  of  the  transonic 
theories,  mentioned  in  brief  above,  lie  primarily  in  the  fact  that  diffraction  phenomena,  which  have 
considerable  meaning  for  thiB  problem,  remain,  for  the  most  part,  neglected  in  the  transonic  theo¬ 
ries. 


In  the  present  report  then,  we  shall  not  further  pursue  the  question  of  the  extent  to  which  the 
transonic  theories  are  nevertheless  suitable  for  describing  the  flow  field  of  a  shock  wave  system  in 
the  vicinity  of  a  caustic;  rather,  we  shall  discuss  an  alternative  theory. 


3.  LINEAR  WAVE  ACOUSTICS 

In  this  section,  we  shall  discuss  the  flow  field  of  a  focused  sonic  boom  in  the  vicinity  of  a  caustic, 
using  equations  of  linear  wave  acoustics. 

Our  attention  was  drawn  to  this  method  by  its  analogy  to  optics.  Namely,  if  one  discusses  the 
behavior  of  a  plane  light  wave  focused  by  a  lens,  then  this  problem  can  be  handled  sufficiently  exactly 
outside  of  the  focal  point  regit  t  by  linear  geometrical  optics.  Near  the  focal  point  itself  -  a  special 
case  of  a  caustic  which  has  degenerate  to  one  point  -  this  geometric  theory,  however,  yields  van¬ 
ishing  ray  tube  cross  sections  rnd,  therefore,  infinitely  large  intensities.  But  i‘.  known  (see,  for 
example,  P.  Debey  (8])  that  these  difficulties  can  be  easily  overcome  by  considering  only  linear  optics 
and  by  disregarding  the  condition  XjV)«  1  which  characterizes  geometric  optica  (X  is  the  wavelength 
of  light  and  D  is  a  characteristic  geometric  length  of  the  problem  in  question).  The  success  of  this 
procedure  is  baaed  on  the  fact  that  a  linear  wave  theory  which  takes  diffraction  phenomena,  among 
Otuers,  into  consideration  is  considerably  less  limiting  than  a  geometric  wave  theory. 

This  fact,  in  our  opinion,  has  received  too  little  attention  in  the  literature  on  sonic  boom  focus¬ 
ing,  perhaps  because  ray  tube  theories  are  primarily  used  in  treating  ordinary  sonic  booms  in  a  real 
atmosphere.  This  is  even  mirrored  in  the  terras  used,  e.  g.  the  "caustic". 

In  addition,  keeping  in  mind  the  analogy  to  optics  mentioned  above,  it  seems  to  us  that  non-linear 
effects  in  the  near  field  of  the  caustic  itself  are  not  meaningful.  In  the  first  place,  as  was  already 
mentioned,  sonic  foeusing  is  a  local  phenomenon  so  that  non-Unearities  caused  by  cumulation  can  be 
neglected.  In  the  second  place,  the  peak  pressure  amplitudes  measured  near  a  caustic  do  not  juB-lfy 
taking  non-linear  terms  into  account.  Finally,  the  execution  of  the  method  suggested  will  show  that  it 
yields  results  which  correspond  quite  well  to  the  experimental  results  of  J.  Vallee  (9). 

For  clarification  of  the  problem  to  be  discussed,  first  a  qualitative  representation  of  the  devel¬ 
opment  of  a  caustic  is  given  in  Fig.  3a  In  the  framework  of  geometric  wave  theory.  This  represen¬ 
tation  aatiefies  the  geometry  of  the  problem  in  question  completely,  but  it  does  rot  allow  quantitative 
statements  about  the  pressure  distributions  near  and  behind  the  caustic  which  could  oe  compared  with 
the  experimental  results  of  J.  Vallee  shown  Its  Fig.  2b. 

Hence,  our  goal  is  to  ditermlne  the  pressure  distribution  of  a  focused  sonic  boom  theoretically, 
with  Ute  aid  of  linear  wave  rcoustics  methods. 

Such  a  linear  treatment  has  a  basic  advantage  in  that,  using  Fourler-transforms,  we  can  reduce 
the  problem  In  question  '.o  ihe  description  of  cylindrical,  harmonic  waves  in  the  vicinity  of  a  caustic. 

In  order  to  be  able  to  execute  the  necessary  Fourier -tranaferrat  and  the  inverse  transforms  without 
difficulty,  we  shall  u#e  an  incoming  N-*hap«d  shock  wave  system  with  a  very  sho-i,  yet  finite,  rite 
time,  %  ,  fese,  Fig.  3',  whose  value  is  adjusted  to  real  values. 

The  Fourier  -transform 

for  ihu  pressure  distribution,  pit),  of  an  N -wave  men  yUida 

p(E.o)  (asinbw-bsinao)  (2) 

where  p  {x}  le  the  maximum  value  of  p(x,t)  at  a  fixed  point  x.  T  is  the  duration  of  the  sonic 
boom,  T  i*  the  rise  time  of  the  front  ebook.  a  *  l/t(T  -  X  )  and  b  •  1/2!"-'  +  T  !• 


Fig,  S  b:  Qasut* tlvt  ptoi  cf  la*  pr*ft«urft  u*  i£*  vtetaiiy  of  ft  cftuitle..  A,  B»  C  #  l) 

o^ervtiUoc  pcifit*  6p#cifiod  La  Fig.  3  ft. 
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In  order  to  simplify  the  following  calculations  even  further,  we  shall  assume,  in  addition,  a  two- 
dimensional  flow  field,  TMs  is  certainly  justified  for  the  present  discussion,  since  the  radius  of  the 
Mach-cone  is  large  compared  with  the  radius  of  curvature  of  the  concial  surface  In  the  focusing  region. 

We  have  now  reduced  the  solution  of  the  present  problem  to  the  evaluation  of  a  pressure  field 
caused  by  converging  acoustic  waves  of  arbitrary  frequencies  in  two  dimensions. 


This  pressure  field  is  analytically  determined  in  that  it  must  satisfy  the  reduced  wave  equation 


( 


v .  a 


ax2  Sy 


(3) 


and  in  that  the  incident  wave  muat  exhibit  a  prescribed  behavior  on  the  given  surface  F  (Fig.  4). 


in  la*  limiting  case  of  very  large  diStancss  thia  boundary  condition  can  be  replaced  by  -  see  |3|) 


Um 


{4.2) 


Here,  R  and  ©  are  polar  coordinate  a  and  the  fuiKtiorj  i(©l  end  si©)  dese  rib*  the  amplitude  ar-ti 
phene  of  die  wav* .  respectively,  which  propagate*  in  ©-direction  from  the  surface  F  which  ts  dis¬ 
placed  to  infinity. 


The  complete  boundary  conditions  «r«  thereby:  m  the  region  of  the  surface  F.  an  irradiation 
condition  in  form  of  *  cylindrical  wav*  ic  prescribed .  while  for  the  remaining  region,  the  Sommer - 
fetd'e  radiation  condition  must  be  fulfilled. 


it  then  turn*  cut  that  the  solution  of  equailmia  (J‘  asd  (4.  2,  i  at  th»  caustic  jielda  a  finite  rr-.txi  - 
mum  of  is#  pressure  crrpUtude.  while  the  sin.guls.rvy  due  to  geometric  acoustics  does  not  esiet,  at 
we  shall  discut.*  In  datail. 


As  is  well  known,  the  solution  of  the  wave  equation,  eq,  (3),  and  the  boundary  condition,  eq. 
(4, 2.),  can  be  described  by  the  following  integral  representation 


SE2a-  J 

a  p 


l(0’)e 


a{©')-rcos  (0-0*)] 


Here  one  must  integrate  for  arbitrary  frequencies  jjj  across  the  entire  angle  sector,  0,  i.e.  across 
the  entire  surface,  F.  Unfortunately,  the  analytical  evaluation  of  this  integral  with  the  functions  1(0) 
and  a{©)  seems  to  be  possible  only  in  special  casos.  In  general  one  would  havo  to  apply  numerical 
methods,  which  are  quite  time-consuming  on  account  of  the  alternating  behavior  of  the  integrand. 


4.  MODEL  CAUSTIC 

We  can  simplify  the  problem  in  question,  eq,  (5),  considerably  if  we  confine  ourselves  to  special 
geometries  of  the  curve  J.  In  the  following  we  will  discuss  the  case  in  which  the  acceleration  phase 
of  the  projectile  is  chosen  in  such  a  way  that  the  shock  wave  system  is  composed  of  a  circle  like  part 
and  a  straight  part  F^.  Physically  this  means  that  the  caustic  degenerates  to  one  single  point,  O 

(see  Fig,  5). 


/L 


R— . _ \  ri 


Fig.  5:  Degenerated  caustic 


In  determining  the  total  pressure  field  in  the  vicinity  of  the  focusing  point,  O,  we  discuss  the 
contributions  from  F^  and  Fj,  separately,  and  we  finally  superimpose  tlr-m.  This  is  justified  on  the 

beaic  of  the  linearity  of  our  basic  differential  equation,  eq,  (3). 

4.1.  Contribution  from  F^ 

Let  $^{0,  w)  be  the  required  amplitude  of  the  pressure  field  on  the  surface  F^.  Than,  for 
sufficiently  large  B -values,  I(©5  is 


with  R  independent  of  0. 

As  additional  conditions,  wo  postulate  that  the  amplitude,  p^f0>,  be  independent  of  &  and  that 

the  angle,  ©  ,  under  which  the  surface  F.  is  seen  from  the  focal  point,  be  small  in  comparison  to 

0  *  2  § 

1,  in  the  sense  that  we  can  rephtoe  eca@o  by  1-1/2©  and  sia©0  by  0o-l/60o.  These  assuvop- 

tionn  do  rot,  however,  j&siceUy  limit  the  gsneraUty,  since  in  thi  case  of  e  real  caustic  which  does  not 
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denorate  to  one  focal  point,  the  flow  field  at.  each  point  on  the  caustic  is  also  determined,  respectively, 
by  a  small  segment  of  the  total  shock  wave  system,  F,  bn  which  the  pressure  amplitude  can  be  con¬ 
sidered  a  constant. 

Keeping  in  mind  that,  on  accout  of  the  geometry  of  F^CaJO)  *  R  is  valid)  the  contribution  from 
F,  is  represented  by 


p(r.8,o)- A±L,  f  p  <o)  /Re- 1  °“  [rwcos(s'e'G  d© 

J2irao 


Now  we  would  like  to  show  that  the  singularity  of  the  pressure  amplitude  at  the  focal  point  resulting 
from  geometric  acoustics  can  be  avoided.  The  use  of  wave  acoustics  yields  a  completely  reguler  be¬ 
havior  of  this  pressure  field. 

For  his  purpose,  we  evaluate  the  integral,  eq.  (6),  for  small  r-values  and  any  given  angle  ©, 
taking  into  account  the  relationship 

e 1 ft rcos(8'0  ’  -  -c2£(-i)ny^)cosn  (8-0’) 

nail 

We  obtain  approximately 

p(x,y.o)-|^’e-^i^Rip(:(u)2e.  [l-i§ 

an 

VI 

where  x  ■  r cos©  and  y  *  rein©. 

In  the  same  approximation,  one  con  acquire  from  this  for  the  amplitude  of  p 

'p|3 ~  i^(o)!!  ^i- (e.-£)'<-f*J * V 5 j  '«• 

Physically  this  implies  an  elliptic  intensity  distribution  in  the  vicinity  of  the  focal  point  with  a  finite 
maximum  value  at  the  focal  point  Itaslf.  Further,  it  can  be  gathered  from  this  result  that  the  inten¬ 
sity  distribution  becomes  (Utter  and  wider  wi«h  omalUr  the  *=cigl*a  ©9. 

The  phase  distribution  §  of  the  pressure  function  $  near  the  fecal  point  can  likewise  fee  easily 
stated;  it  is 

1 1  as 

*«  U-  T 

| «  arcton  - — - — — —  {?a) 

end  in  a  lowest  approximation  in  terms  of  x  and  y 

j  .  cj 

Thi*  result  Imgcatee  that  in  tb®  tmfiiwdiate  vicinity  a#  the  focal  point,  tbs  original  ittcetalai  cylindrical 
naves  ai*  converted  ferto  plane  wave#. 


i  !•? 


Let  us  now  consider  the  further  vicinity  of  the  focal  point.  In  order  to  point  out  the  basic  especto 
of  the  behavior  of  the  pressure  field  as  clearly  as  possible,  we  shall  confine  ourselves  in  the  following 
to  discussing  the  integral,  eq.  (6),  only  for  the  special  6-values:  a)  6  *  0  and  0  *  r  and  b)  0  »  v/2 
and  ©  =  3/2». 

In  the  case  of  a),  observing  that  6gM&,  the  Integra  c  -  {6),  ia  reduced  to  a  representation  by 
Fresnel  integrals 


^o.a).2,[goe 


with 


|  /  vaj  ©6.  (+)  for  st>0  and  {-)  for  x<  0. 


4. 2,  Contribution  from  F, 


In  order  to  determine  the  contribution  from  F2  to  the  flow  field  in  the  vicinity  of  the  focal  point 

O  the  following  problem  must  be  solved.  A  plane  wave  of  arbitrary  wave  length  propagating  in  the 
{“-direction  strikes  a  half-infinitely  extended,  rigid  plane  (oee  Fig.  7).  We  are  especially  interested 

in  the  preasure  distribution  near  the  "shadow"-Une  T)  =  0  for  distances  characterised  by 

1;  this  case  corresponds  well  to  the  situation  caused  by  real  Mach-cone  data. 


region  1 


M 


region  2 


Fig.  ?:  Refraction  of  a  plane  wave  by  a 
half -infinitely  extended  solid  wall 


*  Ilii,n0t  n!C<Jisiai'y  t0  *°  iat0  d*thiU  011  determining  this  solution  here,  since  it  can  be  found  in 
textbook*  (see,  for  example,  P.M.  Morse  and  K.U,  Ingard  [llj).  We  obtain 

P-Pf  e'<‘°9COI'>E[(2?ig)vscos^]+e'^cos,3E[(29«)tea»(^--4)]  11 


E(t)»i,(V,,!dr 


t  or  the  limiting  case  Urn  ^  <*>  ^  «  0,  the  above  eolutioo  is  simplified  to 

p(g,o.o)*^ 

for  all  frequencies. 

ihis  moan*  that  oc  the  ”«b*<3ow"-Uiwi  between  region  1  and  region  2,  we  again  obtain  an  N-ehaoet 
ehach  wave  system.  This  system  he*  only  half  tha  amplitude  of  the  incoming  shock  wav*  eystam 
however.  For  r,  $ -vetoes  which  Ua  in  region  l,  yet  sre  removed  sufficiently  far  from  the  shadow 
U«e,  one  Stains  easily  in  a  first  fcpprorhniiloa  lb*  tmchasiged  plan*  wave  propagating  ia  a-,*  p  -direct 
m^caUy8^  ®1V*S  ^'vubl*a‘  faserever,  the  solutloa  to  equation  (13)  will  hav*  to  be  calealatid  cu. 

4,3.  CgmgUjtt  solution 

la  ordor  to  determine  the  total  preeeune  of  tt»  shock  wave  extern  at  the  focal  point  Q  **£ » 
sufficiently  great  distances  behind  the  caustic,  the  two  partial  aoiuiioc#  in  chanters  4,  l  sod  4  3  m 
euparimpoeed.  The  result*  are  di*<**«*i  ia  the  nm  «****«  e.  aao  a.  2,  ape 


i^aJSSrasSt*  vewsacr'  v-r^ 


5. 


NUMERICAL  EVALUATION 


The  pfessui'e  distribution  of  the  shock  wave  system  to  be  Investigated,  se  it  is  obtained  from  the 
solutions  in  chapters  4. 1,  and  4. 2. ,  after  applying  the  inverse  Fourier -transform 


{» 

P(t). 


■  in  l 

2TT 


p(g,cj)©,ut 


do 


(Is  1,2  corresponds  to  the  contributions  from  Fj  and  F,,)  was  determined  numerically  at  and  far 

behind  focal  point  for  the  following  representative  case:  Let  us  assume  a  pressure  distribution  on  the 
surfaces  Fj  and  Fg  located  at  a  distance  of  3000  m  from  the  focal  point  O,  Let  the  circular  curved 

pert  F.  of  the  surface  F  sppesr  at  the  point  O  under  the  angle  of  2°,  The  numerical  evaluation  of 
the  results  of  the  above  paragraph  then  yields  the  pressure  distributions  at  sod  far  befind  the  focal 
point,  shown  in  figures  8  and  9, 


Fig.  0:  Pressure  signature  of  the  shock  wave  system  si  the  focal  point.  Contribution  from  F, 

^  1  * 

(carve  a),  ft'om  Fj  (Curve  b);  tacosaing  wave:  *  1,  T  «  1.2075  -  10”  s, 

ff*  7,  6  •  10”4  a. 

The  form  of  these  curves  agreu  very  well  with  ths  pressure  diatrtbuUooti  measured  by 
J.  Valise  {»}. 

Tli*  ismpUtudca  of  oar  curvsit  m  the  contrary  caaaot  fee  directly  eostpered  with  those  cf  [9j. 
WfciU  Oi#y  are  cf  the  asms  msgti tads,  they  are  so  depend* at  upon  the  radius  R  ot  u»r  surface  y  mtd 
the  angle  so  that  a  quantitative  a ^yeamact  can  only  be  Aspect ad  wfeec  the  calculations  are  carried 

out  with  real  surfaces  F» 


Is 


Fig.  9:  Pressure  signature  of  the  shack  waves  far  behind  the  caustic  compared  with  the  original 
N -shaped  signature;  Incoming  wave:  *1.  T  '  1,2975  •  10'1  a,  C  *  7,6  •  10'*  «. 


6.  CONCLUSIONS 

Based  upon  the  fact  that  the  focvsaiug  of  a  tonic  b oca;  is  a  local  phenomenon,  tha  equations  of 
Unsar  wavs  acoustics  were  applied  to  retsmine  the  pressure  distribution  of  such  a  sonic  boom  near 
end  behind  the  caustic. 

Explicit  results  were  obtained  .oj1  sa  eos lytic* Uy  eesy-to-baadU  case.  In  this  case  the  acceler¬ 
ation  phase  of  the  supereaalcaUy  flying  prc'ec'dts  causing  this  sonic  boom  is  chosen  so  that  the  cor  re 
speeding  Kaeh-aaoa  coos!*?*  of  a  fcHuscatad  cease  is  which  the  tower  part  has  a  circle  like  curved 
surface,  sad  the  upper  part  is  an  ortiasi^  street  code  apes.  That  mess*  the  caustic  degsoeretae  to 
a  focal  Un». 

The  main  reauka  d  fees*  dlscureloua  ware: 

(  )  Tbs  proposed  theory  yields  finite  pressure  amplitude#  at  tbs  caustic  and  s voids  the  singular  be¬ 
havior  obtained  by  geometric  score  tics. 

(1.)  Tbs  pressure  signature  of  a  N-aai.wd  scale  boom  cUugsu  behind  the  caustic  to  *  pressure 
diatributioe  with  tvo  potiUve  peak  reteda,  caeuthsianl  wife  fee  sxparimnntai  results. 

Finally,  o*  can  eajfsct  that  cur  theory  will  give  result*  which  agree  quantitatively  with  axpori- 
sneattl  data,  if  th«  calculaUoaa  are  performed  far  a  reel  ebook  wavs  system  and  s  real  Uach-eo&e, 
Which  do  not  Imply  feat  fes  cam  tie  dsgsasrstre  to  a  focal  lias. 
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NOTATIONS 
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He 
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wstand 
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noobre  de  Mach 
noabre  de  Mach  d' extinction 
altitude  de  vol  de  1* avion 
angle  de  aontde  de  1’ avion 

projection  dans  le  plan  horizontal  du  trajet  parcouru  par  un  rayon  caract£ri«> 
tique  entre  le  point  d-S.ission  et  le  point  d'arrivde  ku  sol  caracthris- 

distance  w  pour  1 'extinction  longitudinale 

aoyenne  de  plus lours  distances  d’extinctioa 

distance  w  ea  atoosphdre  standard 

W  *  la  focali3ation  sous  trace,  aais  ccspt*®  S  partir  de  l'origine 
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n 

a 

e 

*(*) 

u,,(s) 


direct ioa  du  vent 
Gcart  type 

angle  du  rayon  caractdristique  sous  i’fscrizontcle 
vitesse  du  son  en  fouction  de  1' altitude 

cospcsaate  du  vast  suivaat  la  norasle  au  front  d’oade  en  fonctioa  do  1 'altitude 
1 .  INTRODUCTION 

*taadard  qu'au  point  do  vue  desses  effots.  I'lostitut  Frsnce-  * 

09  k«crtir-£hos  d$  $#tsfc**LGuit  a  upper! 9  i  t 

si&ubl*  <S&i  du  feaitg  (foetilisfetion  -  tSil&tiotx  *oI  ~  d^sas 

sSloJlque*!^  1  realisation  d'une  sSrie  de  recherches  teat  ssructureUes  <ju«  of 
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Apr&s  la  description  du  tapis  do  bang  et  des  aSthodes  nuaSriques  utilises,  on 
exposera  les  principaux  rdsultats  concernant  V influence  des  donnCes  B6t«oroloeiaues  sur 
la  dispersion  du  tapis  de  bang. 

2.  METHGDES  ST  PRINCIPBS  DU  TRAVAIL 


2.1.  Le  tapis  de  bane  et  les  cas  de  vol  schdaatlsfis 

Le  tapis  de  bang  peut  8tre  simplify  (fig.l)  ;  ii  coaporte  trois  parties  princi¬ 
pals®,  dans  le  sens  du  vol  : 

la  portion  du  tapis  qui  contient  la  zone  de  focalisation,  qui  correspond  3  la  phase 
accdlfirde  du  vol  ; 

-  la  portion  du  tapis,  liaitde  par  deux  ssgaenta  de  droite,  qui  contient  l'extinction 
laterale  ;  cette  partie  correspond  3  la  phase  du  vol  en  croisiSre  ; 

-  la  partie  terainale  du  tapis  de  bang,  oil  les  demiers  bangs  dais  lors  de  la  phase  dS- 
c6l$r$e  arrivent  au  sol. 

Bn  fait,  toute  la  zone  terrestre  couverte  par  le  tapis  est  touchde  par  des 
bangs*  wis  on  pratique,  seules  1©3  limites  ext6rieures  du  tapis  ont  une  importance  poux 
la  preparation  des  plans  de  vol.  Bnfin,  l'XSL  et  le  RAB  ont  dtudid  chacun  une  nartio  du 
tapis  :  le  RAE  p  traitd  le  cas  du  vol  en  croisiSre  (extinction  latdrale)  et  1'IEL  a  de¬ 
termine  la  propagation  des  bangs  Sals  sous  trace  pour  les  phases  accdldrde  et  ddcdld- 
res  du  vol. 


Les  cas  de  vol  ont  dt 6  schdaatisds  suivant  les  quatre  parandtros  :  M,  z,  cap,  v. 
Pout  le  vol  de  croisiSre,  le  RAB  a  choisi  :  M  ■  1,3-  1,6-  2,0  ;  z  -  12  000  -  15  000  - 
18  000  i  i  y  1  0  .  Les  cas  de  vol  tvaitds  3  r ISL  correspondent  3  M  «  1.0  3  1,7. 
z  *  9000  -  11  000  -  13  000  a,  y  •  -3°,  0®,  ♦  S®.  Les  valeurs  nuadriques  ont  dtd  choisies 
dans  j.e  but  d’encadrer  au  aieux  les  valeurs  rdelles  pour  une  loi  de  aontdo  d’un  trans¬ 
porter  supersonique  et  de  peroettre  d'dventuelles  interpolations  (ou  extrapolations)  3 
partir  des  abaques  ddtsraindes  pour  les  valeurs  choisies.  Les  caps  correspondent  3  des 
vols  transatlsntiques  Andrique  -  Europe  et  retour  (70®  et  250*1  et  3  des  vols  dans  le 
sens  Nord-Sud  et  Suid-Hord  (160®  et  340°). 


La  figure  2:  aontre  une  adthode  d'utiiisation  des  courbes  N  »  f (v) ,  -  liant  le 
noiabre  d©  Mach  ©t  1ft  distance  horizontal©  franchie  par  le  bang  pour  un  certain  nosbre 
de  sondages  aet6orologiques  dans  le  cas  l1  on  veut  ddteminer  le  point  de  depart 

de  1  acceleration  transsonique  (quelles  que  soient  les  conditions  adtdorologiques) .  Dans 
une  preniere  dtape,,  le  trace  des  courbes  M  °  f(w)  par  cas  die  vol  peraet,  pour  zsy  va¬ 
riable,  do  determiner  l'enveloppe  Unite  infdrieure  demnant  la  distance  ainiaale  d’arrj- 
vde  au  sol  du  bang  et  d'en  dddulre  ensuite  les  abaques  M,  z,  y.  A  partir  du  profil  d'ac- 
celeratlon  M,z,  on  ddterainc  par  interpolation  la  courbo  M.w  correspondant  au  cas  de 
vol.  Dans  la  deuxihae  Stape,  on  suppose  que  l’avion  se  dirige  vers  une  front ifcre  s6pa- 
rant  deux  tones  :  la  zone  II  o3  les  bangs  n*  sont  pas  sdais,  et  la  zone  I  oD  les  bangs 
sont  pernis.  Le  profil  d’ acceleration  peut  dtre  traduit  on  une  courba  M,x  o&  x  repre¬ 
sente  la  distance  apparent  1 'avion  de  la  frontidre  des  deux  zones.  Dans  la  derniftre 
6tape,  il  soffit  de  dfiteraioer  par  translation  le  point  de  tangence  des  deux  courbes  re¬ 
produces  sur  iui  E*ae  graphique  i  le  point  x0  ainsl  trouv«  donne  le  point  de  dfipart  de 
1 'acceleration  transsenique .  De  ce  fait,  le  prexier  bang  qui  arrive  au  sol  et  qui  cor¬ 
respond  3  la  focalisation  sous  trace  touche  le  sol  sur  la  frentiire  des  deux  zones. 

Cotte  *6thode  peut  aussi  8tra  utilise  pour  determiner  le  d8pa  x  de  V  acceleration  pour 
des  conditions  EfitSorologiques  particuiUres .  On  etudlera  cependam,  dans  la  suito,  la 
position  du  point  de  focalisation  sous  trace  pour  un  cas  de  vol  acc61£r£,  rectiligne 
(z  ■  1 1  000  u  et  acceleration  de  1  a/s2),  afin  de  determiner  1* influence  du  vent  sur  la 
focalisation. 


2.2.  WSthodes  auagriquon  et  bases  thSoriques 

Four  une  Stude  gfioudtrique,  i'approche  acoustique  da  1*  propagation  du  bong  est 
justififie.  Dans  cette  tMorie,  on  adteriune  la  propagation  dss  rayons  soneres  -  ou 
rayons  caractdristiquos  -  aui  sent,  fi  chaque  instant,  noraaux  3  la  nappe  da  choc  qui 
constitue  le  bang.  La  loi  de  r3 fraction  des  vayons  caractSristiquas  deviant,  en  utzso- 
sphire  rdelle  : 


COSf  « 


ai; j 

Co*v*7 


avec  C0  -  . 

1 ' indice  «  indiqusnt  les  conditions  initiales  3  l'altitude  de  vol. 

Les  sStfcedes  nu*t$rique*  utilisies  intigrent  l'dqusition  (1)  pas  3  pas,  en  tenant 
coapta  das  parterres  de  vol  at  dss  coaditioas  arfsdoroloaiques  dans  des  tranches  hori¬ 
zon  tales. 

La  pregra**e  ARAP  de  @.D.  HAYES  (rSf.^S})  a  siatolifid  psr  le  suppression  de 
ce  qui  coucerno  le  ealcul  de  1'  intensity  du  bang.  C.e  progrsi aze  a  fie  exploy 8  dans  deux 
versions  ;  ARAF1  siaplo  prdcisioa  (6  cUiffres  sigaificaUfs) ,  et  ASAP2  double  precision 
(IS  chiffres  sigsificatif'') , 

lha  dousifcae  prograaasa  a  «t*  fouxni  par  le  Service  Technique  Aeronaut iqua  (STA6) 
et  sodlfi*  pour  traiter  1‘easoauJle  des  e&s  de  vol. 
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Des  verifications  en  atmosphi-Jre  standard,  oil  les  distances  de  propagation  peu- 
vent  8tre  calculdes  exactement,  montrent  que  la  precision  des  programmes  est  inSgale  et 
qu'an  particulier  les  distances  d'extinction  longitudinale  sont  sous-estimfies .  Le  ta¬ 
bleau  suivant  donne  les  diffSrents  6 carts  enregistrds  par  rapport  aux  valeurs  ©xactes  et 
fournit  une  estimation  des  hearts  en  ntmosphdre  rSelle  oil  le  contrOle  n'est  possible 
qu'avec  des  mdthodes  spdciales,  comae  p.ex.  la  mdthode  des  caractdristiques. 


STA6 

ARAP1 

ARA°2 

Atmosphere 

standard 

3  Mach  donnfi 

-1  ka  et 
mo  ins 

<  100  m 

<  50  m 

3  1 'extinction 

-  4  3  5  km 

-  1  km 

-  100  3  200  m 

Atmosph&re 

rdelle 

3  Mach  donnfi 

±132  km 

1  00  m 

SO  ra 

3  1' extinction 

(-  20  3  30  km) 

(-  S  3  10  km) 

(-  1  km) 

Ce  tableau  appelle  queiques  eonaentaires  : 

-  Dans  certains  cas  ataosphdriques  particulars ,  des  rayons  d'extinction  peuvent 
aller  a  l'infini  en  th<k*rie  et  la  precision  devient  illusoire,  d'autajit  plus  que  1' in- 
tens  it#  de  ces  bangs  finira  par  tenire  vers  zdro. 

-  Malgrd  son  imprecision  au  voisinage  de  1' extinction,  le  programme  STAS 
permet  d'obtenir  correctenent,  pour  un  ensemble  de  dounSes  atmosphdriques,  des  valeurs 
telles  que  les  Scarts  et  les  dcarts  type. 

-  Le  programme  STAS  est  8316  fois  plus  rapiue  du  point  de  vue  temps  machine 
quo  la  m6tfoode>  de  HAYES,  si  bien  qu'on  a  utilisS  ce  programme  pour  une  St.ude  statistique 
en  vfirifiant  certainea  valeurs  avec  les  a^thodes  ARAP1  ou  ARAP2,  suivant  les  cas. 

2.3.  Donndes  mStSorologiques 

Les  sondages  aStgorologiques  servant  au  ealeui  sont  de  provenance  diverse  :  de 
la  station  de  Camborne,  Cornwall  (GB)  d'une  part,  et  de  la  station  de  Nancy-St-Dizier 
(Fr)  d' autre  part.  Les  valeurs  fournies  par  la  station  anglalse  ont  StS  utilisgos  con- 
jointement  par  l'ISL  et  le  RAE  ;  elles  se  prdsentent  sous  forme  de  104  sondages  hebdo- 
madairas,  iltemativeneni:  3  12h  et  3  Oh,  rfialisds  pendant  les  annfies  1963  et  1967.  La 
position  giographique  de  la  station  -  latitude  SS'MS’  Nord  et  longitude  0S°19'  Ouest  - 
garantit  aux  sondages  une  certilne  repr8sentativit6  des  conditions  mfltdorologiques  au 
point  de  depart  de  la  trujectoir©  supersonique  de  CONCORDE  pour  les  vols  Europe  -  USA. 
Uue  analyse  de  la  vitesse  longitudinale  du  vent,  dans  la  tranche  d’altitude 
7000  -  13  000  m  pour  on  vol  USA  -  Europe  (cap  70®),  ssontre  que  les  vents  dominants  sont 
des  vents  d'Ouost  et  qua  la  composante  longitudinale  dfiposse  souvont  30  a/s  (108  ka/h) 
et  atteint  psrfois  60  m/s  (voir  fig. 3). 

Les  dor.n^es  afitiorologiques  de  Nancy  s’dtendont  seulement  sur  uno  quinzaine  de 
jours  (1-15  avril  1S'72)  ut  comprennent  :  deuK  sondages  (6h-12h)  par  jour  pour  le  vent  en 
vitesso  et  en  direction,  un  sondage  en  te*p#rature  3  12h  psr  jour  ainsi  que  Involution 
de  la  te».p6raturo  au  sol,,  de  5h  en  3h.  Ces  conditions  afiteorologiques  perzettent  de  ju- 
ger  les  hearts  qu'on  peui:  enregistrer  dans  les  distances  de  propagation  du  bang  antre 
deux  sondages  decalOs  de  6h.  Bn  effet,  1  partir  des  donnSes  initiales,  il  est  possible 
de  constxuire  <!es  couples  do  sondages,  le  premier  3  6h  et  le  deuxiSae  3  12h,  en  admet- 
taut  que  les  deux  sondages  en  temperature  se  raccordent  pour  z  *»  1500  m. 

Dans  lea  donngss  d«  Nancy,  les  vents  dominants  sont  aussi  des  vents  d’Ouest, 
avec  des  vitesses  maximales  voisines  de  60  a/s. 

Un  aspect,  dependant  des  donnSes  mStdcrologiques  et  d'trna  importance  non  nSgli- 
goablo  pour  le*  caiculs  de  propagation,  est  la  precision  mfime  des  diffdrentes  valeurs 
d'un  sondage.  Pour  d6 terminer  la  dispeision  des  distances  da  propagation,  lido  3  la  dis¬ 
persion  des  variables  m5t€orologiques ,  on  adsiet  la  adthode  sulvante  : 

■  A  partir  d'un  sondage  dorrnfi,  indice  0,  on  cr€e  20  sondages  18g0reaent  difffi- 
reats,  d6teruifi$s  par  : 

zi  -  (ti)o  ♦  Ojit 

V1  *  <Vi>0  *  VV 

Ti  *  <Ti>a  + 

,  ni  “  *  4i4n 

oQ  aj,  8i.  Yi,  sont  i«s  suito*  sl#atoires  des  noitbres  0,  -»!,  -1,et  fiz,  4¥,  4T,  in  des 
#cart*  possibles  pour  les  quatre  parumStras  du  sondage  suivant  lour  presentation  origi¬ 
nate. 

-  Apr#*  les  caiculs  de  propagation,  on  d^tsmine,  soit  pour  1 '« stinctior.,  soit 
pour  M  >  H®,  la  distance  uoyenna  da  propagation  et  son  Scart  type  qui  dffiait  slurs  la 
dispersion  cberchde. 
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3.  RESULIaTS  numbriques 

L'dtude  syst&natique  de  36  cas  de  vol  pour  1 'ensemble  des  conditions  m6t6orolo- 
giques  dScrites  en  2.3.  a  fourni  un  grand  nombre  de  rdsultats  dont  lee  plus  importants 
seuleaent  vont  8tre  discutSs  dans  ce  paragrr.phe.  Les  figures  4  et  5  nontrent  quelques 
courbes  M  »  f(w)  obtenues  par  le  programme  STAS  avec  les  donnSes  mStSorologiques  de 
Camborne^pour  1'ar.nSe  1963  d'une  part,  at  pour  le  cas  de  vol  z  «  11  000  a,  y  -  0°, 
cap  -  70°  d'autre  part.  La  figure  6  prSsente  les  origines  pour  M  «  Me  des  courbes 
M  »  f(w)  pour  le  cas  de  vol  pi*6c6dent  (valours  calculSes  avec  le  programme  ARAP1 ) .  On 
peut  dSjd  juger  de  l'importante  dispersion  due  aux  conditions  mStSorologiques,  aussi 
bien  au  niveau  de  1 'extinction  longitudinale  que  pour  M  >  Mg . 


3.1.  Extinctions  longitudinale  et  latSrale 

Extinctigg_longitudinale  : 

Pour  les  deux  annSes  de  sondages  1963  et  1967  et  pour  tous  les  cas  de  vol,  le 
Mach  d’extinction  pe"t  varier  de  1,001  3  1,355  et  la  distance  d'extinction  longltudi- 
l.al©  de  30  &  120  km,  so  it  de  la  mo  it  16  triple  environ  de  la  valour  standard  pour 

z  ■  13  000  m.  Bien  que  pdnalisanfj  pour  un  vol  supersonique,  cette  dispersion  dSpend 
fortement  de  la  direction  du  vent,  done  du  cap  de  1' avion,  co&tme  le  montre  1' analyse 
statistique. 

En  adaettent  comae  paramgtre  de  classification  la  direction  du  vent  a  l'altitudo 
de  vol,  on  peut  dSfinir  quatre  groupes  symdtriques,  doux  8  deux  -  vent  arriSre  et  vent 
de  face,  vent  travers  gauche  et  vent  travers  droit  -,  et  les  conclusions  suivantes 
s 1 imposent  : 


-  Le  vent  arriSre  augmente  la  distance  d'extinction  :  la  probability  pour  que 
we  dSpasse  le  double  de  la  valeur  standard  est.  de  1?i. 

-  Le  vent  de  face  diainue  la  distance  d'extinction  avec  une  probabilitfi  de  891 
pour  que  ve  <  vstand. 

-  L ' importan.ee  de  1 'augmentation  ou  de  la  diminution  de  we  semble  lide,  comme  le 
montre  la  figure  7,  8  la  grandeur  de  la  conposante  longitudinale  VL  du  vent  ;  la  corr4- 
lation  entre  Vl  et  we  est  de  0,6. 


-  I.es  deux  groupes  oO  la  vitesse  du  vent  est  transversale  donnent  dos  rSsul.ats 
voisins  et  les  hearts  par  rapport  8  la  valeur  standard  sont  ndgligeables . 


-  D'une  maniSre  gSndrale  enfin,  la  distance  d'extinction  dininue  en  ooyenne  avec 
1 'altitude  (we  »  45  km,  a  “  13  km  pour  z  *  9000  m  contre  w©  »  55  ka,  o  =  16  ka  pour 
z  ■  13  000  m)  et,  de  aBae,  la  distance  d'extinction  crolt  si  l'angle  de  nont6e  passe  de 
-3°  8  *3°.  F 


Dans  ces  rSsultats,  il  faut  avssi  introduire  la  dispersion  li6e  8  la  pr6cision 
des  donnges  n6t6orologiques .  Cette  dispersion,  de  3  d  7  km  sur  l'extinction  longitudi¬ 
nale,  n'ost  pas  n$gligeable  et  semble  aussi  fonction  de  la  conposante  Vg  du  vent,  car 
les  dispersions  maximales  se  trouvent  pour  des  sondages  oO  le  vent  dfiptsse  40  m/s. 

L'Btude  des  sondages  ddcalds  de  6h  montre,  au  niveau  de  1 'extinction (  une  ten¬ 
dance  3  la  diminution  entre  we,  trouvSe  pour  le  sondago  de  12h  par  rapport  8  we  liBe  au 
sondage  de  Oh.  L'ficart  moyon  est  de  l'ordre  de  5  ka  at  subsisto  malgrB  le  dispersion  due 
3  la  precision  des  donndes.  Cette  tendance  deaanderait  a  Btce  confiraSe  par  une  statis¬ 
tique  sur  un  plus  grand  nombre  do  couples  de  sondages  dficalSs  (11  seuleaent  pour  cette 
6tuae) ,  nsis  elle  lndique  1' importance  de  sondages  «6t4orolo^iques  rdeents  pour  la  pre¬ 
paration  d'un  plan  de  vol  supersonique. 


Ce  travail  r6alis6  par  le  RAE  (r4f.[sl)  sontrs  que,  dans  cc  cas,  il  fuut  distin- 
guer  deux  extinctions  latSrales,  I'une  8  droite,  1 'autre  3  gauche  per  rapport  3  la  trace 
au  sol  do  la  trajectoire,  car  suivsnt  la  direction  du  vent,  une  isoOaission  os*  plus  ou 
aoins  isioimie  par  rapport  8  la  forme  sysetrique  detersinSe  en  atnosph&re  standard  sans 
vent.  Pour  les  cas  M,z  6tudiS$ .  Is  dominante  des  vents  d’Ouest  est  sensible,  et  pour 
chaque  extinction  latSrale  la  m3  me  s6qusnce  se  reproduit  : 

-  Pour  l'extinction  babord,  les  distances  de  I'extrdaitd  du  tapis  3  la  trace  de 
l'avion  sont  croissant.es  dans  l'ordre  suivent  des  ceps  :  340°  -  2S0*  -  70*  -  160°. 

-  Pour  l'extinction  tribord,  ces  mBmes  distances  croisaent  dsns  l’ordre  des 
caps  ;  230*  -  160*  -  340*  -  70°. 

Expris£es  en  fonction  do  la  demi-lor F.our  nominale  correspondante  -  on  ataosphdre 
stenderd  sens  vent  -,  les  distances  d'extinction  latfrale  dependent  moins  des  conditions 
metfiorologiqoes  si  s  ou  M  sugmento. 

11  faut  rewtrqusr  enfin  que  pour  les  cas  limites  -  qui  ont  une  probability  d* 

11  -,  l’extinction  iatdrale  peut  3tre  doublS*  et  icSae  triplee  par  rapport  S  in  dea.i- 
largeur  nominal*. 


3.2.  Distances, da  propagation  sous  trace  pour  M  > 

D'une  manidre  jSn6rtle,  les  distances  dr  propagation  sous  trace  devieaaent  de 
aoins  en  xoins.  dCpendantos  dos  condition*  sOtiorologiques  d8s  que  le  nombre  de  Kach  est 
sup^rieur  au  Ksch  d'extinction. 

Pour  1'annS*  ls£i3  (fig. 4),  i’Bcart  entre  1«  plus  grande  et  la  plus  feible  dis¬ 
tance  passe  de  20,3  ka  (M  -  1,373)  4  8,3  km  (M  ■  1,7). 
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Les  distances  de  propagation  anorma  lenient  longues  par  rapport  3  la  valour  stan¬ 
dard  correspondante  n' existent  plus,  les  dSpassements  raaximaux  enregistrSs  Stent  de 
l'ordre  de  *21  (M  -  1,2)  et  de  24 %  (M  *  1,6),  cependant  en  moyen^e,  on  recrouve  les  va¬ 
lours  standards  correspondantes .  La  dispersion  due  8  la  prScision  des  donnSes  mStSorolo- 
giques  suit  la  m$ae  logique  et  lo  tableau  suivant  aontre  Involution  de  celles-ci  en 
fonction  de  M. 


M 

Dispersion 

aoyenne 

Valeur 
maximal a 

1,2 

320  o 

350  a 

1.4 

110  o 

410  a 

1,7 

60  a 

300  a 

Bnfin,  dans  le  cas  de  sondages  dScalgs  de  6h,  la  tendance  a  la  diminution  entre 
la  distanco  liSs  au  deuxf.Sme  Bondage  par  rapport  a  celle  li6e  au  premier,  reEarqufie  8 
1 'extinction,  disparalt  et  fait  place" 8  une  dispersion  moyenne  qui  ddcroft  si  M  aug- 
mente  :112k*  pour  M  «  1,2  et  350  m  pour  M  »  1,7. 


3.3.  Cas  particuliers  et  remarq 

i>es  sur  1'  influence  dans  la  dispersion  de  la 

precision  des  paramdtres  d 

u  sondage 

L'Stude  -’es  rayons  caractSristiques ,  au  voisinage  do  Vextinction  longitudinale, 
nontre  que,  dans  le  cas  de  trajets  tr@s  longs  doubles  ou  triples  de  la  valeur  standard 
correspondante,  ces  rayons  n'arrivent  pas  tangents  au  si,  comm  c'cst  le  cas  en  atmo¬ 
sphere  standard,  mais  qu'ils  sont  voisins  da  1 'horizontals  ds  .  une  tranche  d'  titude 
oO,  en  gfinKral,  la  vitesse  du  vent  est  relativeraent  forte.  De  tels  trajets  sont  reprfi- 
sentds  sur  la  figure  8,  o 0  1'cn  peut  aussi  remarquer  le  noiabre  r^duit  de  points  de  son- 
dago  dans  les  zones  oO  les  rayons  sont  voisins  de  I 'horizontale.  Cette  reaarque  peut  r6- 
duire  1' importance  des  trajets  d'extinetion  anoraalesent  longs,  car  pour  un  rayon  voisin 
de  ] 'horizontale,  une  petite  variation  de  vent  ou  de  tempdratur*  peut  soit  le  faire  re- 
aonter,  soit  lo  faire  descendre  plus  rap. dement.  Un  phSnomSne  de  ce  genre  a  St6  not6 
pour  l'un  des  sondages  de  la  station  do  Nancy.  Des  variations  alSatoires  uans  les  para- 
mStres  du  sondage  (±  0,1*C  sur  T,  t  1  m/s  sur  la  vitas:  »  du  vent  et  5°  sur  sa  direc¬ 
tion)  ont  fai,  varier  la  distance  d'extinetion  longitui.wiale  de  80  a  . ’4  km,  soit  un 
Scart  de  44  k&. 

De  telles  structures  atmosph6riques  sont  cependa.  relati  ament  ares  (<  Si  des 
cas)  et  sont  caractfirisdes  par  des  couches  de  "courbure  nu  a”,  d6j8  »  ^rquSes  par 
NICHOLIS  et  JAMES  (r6f.[4]),  ofl  la  so*ae  le  la  vitesse  du  son  et  5  ‘.a  projection  du 
vent  sur  la  noraale  au  front  d'onde,  a  ♦  in,  *  constants. 

L'analyse  de  la  dispersion,  li6e  8  la  prScision  des  variables  nitdorologiques , 
bien  que  manquant  de  confirmation  statistique  a  cause  du  nombre  rdduit  des  sondages  tos- 
t6s,  nontre  quo,  si  la  dispersion  noraale  est  d*  J  3  ?  b  sur  la  distance  d’extinetion 
longitudinale,  eile  peut  3tre  notablement  rSduite  si  une  plus  grande  prScision  est  ap- 
portSe  8  la  aesuro  de  le  temperature  (8  0,1  *C  oris).  Cette  vemarque  est  d’ordre  aathe- 
matique,  car  du  point  de  vue  des  meteorologists  1  se*ble  illusoire  de  assurer  7  3 

meins  de  0,5°C.  De  plus,  une  meilleure  prficisir  ;ur  le  vent  r.e  semble  pas  diminuer  la 

dispersion,  sauf  peut-fc*re  da.:s  le  cas  oO  le  vtm.  est  fort. 

3.4.  Influence  de  la  direction  du  vent  sur  la  localisation  sous  trace 

Le  cas  de  vol  chois i  (z  -  11  000  s,  *ngle  de  s»nt6e  nul,  accSlfration  de  1  n/sJ) 
correspond  d'un  point  do  vue  acceleration  l  un  *•  ion  militalre,  mass  il  periset  de  mettre 

en  Svidence  les  effets  de  la  direction  du  vent  s  r  la  position  de  1@  focal isation  sous 

trace.  Plusieurs  cas  de  vent  ont  6t£  traU6s  :  >■  nt  de  face  et  srriire  tr0s  fort,  soyen 
et  faiMe,  et  les  r6sultats  sont  3  comparer  vec  la  valeur  obtenuc  en  stasosphdre  stan¬ 
dard  sons  vent.  Les  figures  9  et  1*  regroup  t  les  rSsultsts  r.usftriques  en  prenant  comae 
origin*  la  position  et>  l1 avion  oasse  per  H  -  1,0. 

Per  rapport  X  la  valeur  wf  en  atmosphere  standard,  on  renarque  que  • 

-  le  vent  srri^re  rapproche  vf  de  l'crigine,  tandis  que  le  vent  de  face  l'ea  61oigne  ; 
les  hearts  maxipsux  sont  3e  l'ordre  de  ;  1 0  k*  ; 

-  la  c ©epos nut*  longitudinale  de  la  vitesse  du  vent  intervient  dans  1 ’ importance  de 
l'ftcart  :  plus  Vj,  est  faible,  plus  on  s *  rspproehe  de  la  valeur  standard  de  '*•£. 

Ces  resultats,  bien  one  frageenteires ,  prScissiit  dbj3  1 'influence  du  vest  sur  la 
localisation  sous  tree*.  lis  ".eront  c©»p58t#s  par  1’Stnde  de  la  localisation  pour  des 
lots  de  moatde  cor respondent  £  celles  d'un  trar.sporteur  supersonique. 

3.5.  Ra&araua*  et  critiques 

le  principal©  critique  inh4rsr.te  3  ce  travail  reside  finalesent  dans  1*  method* 
adopt®* j  i  savoir  la  separation  du  calcul  glomStrique  et  du  calcul  d’lntensit^.  En  af- 
fet ,  i'dtuda  gSosfitriqua  d*  la  propagation  des  bang5  *  *i*  i’aceent  sur  des  distances 
d'exti.Rctio*  losfitudissles  et  latdralcs  anoraalcment  longues,  et  ce  phSnomSn*  pevt  ®t re 
plr  Usaat  oour  w  trs»*port*urs  sapersoniques  comaerciiux.  Bien  qu’on  puisse  prsvoir 
que  de  teis  b*sf*  seroat  faibles  at  distordus,  lent  esiitatien  reste  3  faire,  par  le 
caicul  d'uaa  par*.  afi£5  r  dStermiaar  une  borne  supirieure  de  leov  istensitf  .  et  par 
I'axpd  l(saot*t'!o*  d'awer*  part  afin  da  coEaa*tra  leur  signatisre  #t  leur  affaibl isseaent 
dQ  S  ).  'hv|TO*Jtri«s  os  8  1*  turhuseece  atmosphfrique.  II  existe  vraltambliblexant  un 
sauil  d'istacsiCS  (aurpressior  et  forma)  au-dessous  duquei  le  bang  sera  jug3  comma  tolf- 
rabie  »t  ceasars  d’Stin#  pctgu  comm*  ua  bang  veritable. 
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Des  cxp6riences,  rfialis^fs  en  franco  (r<sf.[6])  avec  40  Contrfileurs  Autoaatiques 
de  Niveau  de  Bang  Lo.:al  (CANIKAt)  vSpartis  dans  trois  departments  relativement  frSquen- 
tfis  par  des  avions  militaires  en  vo’  super sonique,  ont  perai.  Jo  tirer  quelques  conclu¬ 
sions  intGressantes  quant  3  la  lar,,eur  du  tapis  de  bang  : 

-  La  largeur  du  tapis  obsecvd  cat.  sensiblement  la  largeur  novninale ,  et  la  proba¬ 
bility  d'entendre  des  bangs  d6crolt  rspideisent  3  cartir  de  0,5  fois  la  largeur  noainale. 

-  Los  appareils  CANI8A,.  '■yaiu  un  scull  ie  d6tl enchesent  coopris  entre  0,2  et 
0,34  attar  (le  bang  aoyer.  sons  trace  est  da  0.5'  taosr) ,  aucun  bang  superieur  §  ces  seuils 
n'a  6z6  jaesurA  3  une  distance  de  la  trace  Sgale  3  1,2  fois  la  deai-iargeur  noainale.  De 
plus,  pendant  toute  la  pbriode  des  essals ,  aucun  bang  n's  6t6  pergu  3  cetto  n6ae  dis¬ 
tance  par  le  personnel  servant  les  CANFJAL.  On  peut  don.-  on  conclure  que  la  probability 
"d'entendre"  des  bangs  (.'.upfirieurs  ?■  A  2  -  0,34  abar)  est  nulle  (ou  3  peu  pres  nulle)  3 
une  distance  Sgale  3  1,2  fois  la  de«u  -  ..argent-  noainale. 

Ce  rdsultat  seiible  done  en  disaccord  avec  les  calculs  de  J.B.W.  EDWARDS  (r€f. 
[S]),  qui  donne,  pour  une  distance  de  1,2  rois  la  deai-largeur  noainale  (M  «  1,6  ; 
z  -  15  000  a),  une  probability  d'entendre  le  bang  de  0,7  3  0,1  selon  que  le  vent  est  dd- 
favorable  ou  favorable.  II  devient  done  ndeessaire  d'ob.-.enir,  par  d'autres  essais  en 
vol,  des  informations  suppiyaentaires  sur  1' intensity  des  bangs  sur  la  pdriph6rie  du 
tapis,  du  point  de  vue  calcul  ot  surtout  d'un  roint  dr  vue  expdriaental . 

4.  CONCLUSION 

L'Gtude  gSoDfitrique  de  la  propagation  du  tang  en  atmosphere  rSelle  met  en  6vi- 
dence,  dans  certains  cas,  la  dyforsatbm  important©  du  tapis  de  bang  par  rapport  3  sa 
forme  norsale  en  ataosphSre  standard  .  extinctions  longitudinnle  et  latSrale  doubles  ou 
triples  de  la  valeur  standard,  variations  iaspertantes  de  la  focalisation  sous  trace, 
suivant  que  le  vent  prStente  une  coaposante  yievGe  longitudinaleaent  ou  transversaleraent 
(fig. 11).  De  plus,  une  dispersion  non  ndpligeable,  337  kn,  au  niveau  de  1 'extinction 
est  lide  3  la  prycision  des  sondages  aetyorologiques . 

Les  cas  anoraaux  sont  relativement  rares,  mais  leur  existence  reste  pynalisante 
pour  les  vols  supersoniques  et  des  coapldments  d' informations  sont  ndeessaires,  tant  du 
point  de  vue  calcul  que  du  poin'  de  vue  experimental,  peur  dyterainer  1' intensity  de 
tels  bangs  qui,  d'aprSs  les  rares  rAsultats  dyji  c.^nnus  et  contrfilAs,  ptraissent  fitre 
faibles  et  pratiquetient  inaudibles. 
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SUMMARY 


This  report  summarises  recent  research  which  has  been  conducted  over  the  past 
two  years  by  SNECMA  and  Rolls-Royce,  as  part  of  a  continuing  noise  reduction  programme 
on  the  Concorde  powerplant.  The  studies  were  aimed  at  (a)  1  laproving  knowledge  of 
certain  noise  sources  of  the  OlytqHis  593  turbojet  engine  and  (b)  evaluating  potential 
means  for  noise  reduction  either  at  source  by  alteration  to  the  various  engine  compon¬ 
ents  ,  or  by  addition  of  attenuating  devices.  Some  of  the  results  of  these  studies  have 
been  applied  to  the  powerplant  design  standard  intended  for  entry  into  service,  others 
are  mentioned  only  for  their  technical  or  didactic  interest,  and  others  after 
engineering  evaluation,  may  lead  to  acoustic  improvements  tc  the  Concorde  powerplant 
after  entry  into  service. 


1.  INTRODUCTION 

Until  such  time  as  considerable  technological  progress  has  been  aade,  for  instance, 
in  the  field  of  variable  cycle  turbojet  engines,  the  manufacturers  of  supersonic  trans¬ 
port  aircraft  will  be  Obliged  to  use  turbojets  or  turbofan  engines  of  low  bypass  ratio 
to  power  such  aircraft.  Compared  with  high  bypass  ratio  engines,  which  have  become  a 
feature  of  modern  subsonic  transport  aircraft  and  which  are  particularly  well  suited  to 
a  high  degree  of  silencing  treatment,  these  engines  are,  by  their  very  design,  noisy, 
particularly  at  take-off,  due  to  the  high  velocity  of  the  exhaust  gases. 

The  manufacturers  of  the  Concorde  have,  from  the  outset  of  the  project, 
recognised  the  necessity  to  make  the  aircraft  acceptable  to  the  public  from  the  noise 
point  of  view  and  the  Engine  Companies  of  SNBOtt  and  Rolls-Royce  have  carried  out 
intensive  res  jarch  in  order  to  achieve,  to  the  greatest  possible  extent 

-  the  reduction  of  the  noise  of  the  high  velocity  jet  of  the  Olympus  593 
turbojet  engine  at  the  supercritical  expansion  ratios  in  the  take-off 
and  flyover  phases  and 

-  the  reduction  of  engine  internal  noise  which  dominates  tha  overall 
noise  in  the  approach  phase. 

This  paper  summarises  some  of  the  results  obtained  during  the  comprehensive 
and  integrated  research  progratasis  which  have  been  carried  cut  by  the  two  Conpanios  in 
collaboration  with  universities  and  the  national  research  establishments  in  France 
and  Britain. 

2.  CHOICE  CF  POP®  PLANT  FOR  CQNOCRDE 

Tha  effective  control  of  operational  noise  levels  hat  been  a  key  objective  of 
the  Concorde  manufacturers  free  the  inception  of  the  programew.  However,  in  selecting 
and  developing  the  propulsion  eyetew  a ad  various  silencing  means  for  Concorde,  account 
has  had  to  be  taken  of  the  peculiar  character  is  tics  of  the  S$T  and  the  impact  of  any 
performance  losses  or  weight  inctoases  oa  the  viability  of  long  ran$-c  supersonic 
operation,  th®  meat  isjwrtant  of  these  special  factors  and  their  influence  on  the 
choice  of  powerplant  and  the  consequent  aircraft  noise  levels  are  examined  in  this 
paragraph. 

There  are  fundamental  differences  between  the  aircraft  configuration  required 
for  efficient  operation  at  cuperaoisic  speed*  and  that  necessary  for.  efficient  subsonic 
cruising.  The  reduced  spar?  ami  high  eland  smews  ratio*  which  are  needed  to  give  good 
supersonic  performance,  result  in  leva  officiant  low  speed  operatises.  Consequently, 
a  supersonic  aircraft  requites  higher  tats- off  and  approach  thrust  at  a  give??  opera¬ 
tional  weight  than  doe#  its  subs coin  counterpart,  and  so  will  be  noisier-  in  the*# 
phases  of  flight.  1 1*  principle,  the  adverse  consequence  on  aircraft  noise  could  be 
alleviated  by  the  use  of  variable  sweep  wings.  However,  the  state  of  the  art.  is  auch 
that  the  coayl-xity,  ibe*MMHia4  structure  weight  and  loss  of  us*Me  volume  incurred  fey 
their  use  would  be  unacceptable  in  a  long  rang#  supersonic  transport  aircraft, 

*fa«  payload  which  can  bo  carried  by  supersonic  aircraft  is  proportionately 
smaller  than  that  of  an  equivalent  subsonic  aircraft.  "Hrh  Concorde  it  amount#  to  less 
than  7%  of  tfc#  revise*  take-off  weight.  It  follows  that  any  installed  weight  Increase 
or  any  iacraaae  in  fuel  weight  resulting  from  thrust  losses  oc  specific  fuel  consumption 


increases,  will  have  a  large  impact  on  the  payload  which  can  be  carried.  This  has 
important  consequences  on  the  choice  of  power plant  and  silencing  systems  for  Concorde. 

For  subsonic  aircraft  the  evolution  of  the  high  bypass  ratio  turbofan  for  improving 
performance  and  economics,  made  possible  significant  reductions  in  take-off  and  approach 
noise  levels.  Such  an  engine  with  its  low  specific  thrust  (high  mass  flow  and  low  jet 
velocity)  is  incompatible  with  supersonic  operation.  Even  an  engine  with  a  moderate 
bypass  ratio  would  represent  a  serious  loss  in  overall  mission  performance  through 
increased  installation  drag  and  increased  powerplant  weight. 

In  a  Mach  2  supersonic  transport  such  as  Concorde,  a  substantial  compression 
occurs  in  the  intake  at  high  speeds  and  this  component  plays  an  important  role  in  the 
achievement  of  high  propulsive  efficiency.  Therefore  the  optimum  pressure  ratio 
required  from  the  basic  engine  is  lower  than  for  a  subsonic  engine.  To  ensure  that 
its  efficiency  is  high  and  that  the  flow  demands  of  the  engine  can  be  met  at  all  flight 
speeds,  the  intake  must  have  variable  geometry.  The  exhaust  nozzle  system  must  also 
be  variable  to  make  the  most  efficient  use  of  the  available  turbo-machinery  at  both 
take-off  and  supersonic  speeds.  Consequently  the  weight  of  the  air  intake  and  exhaust 
system  in  a  supersonic  aircraft  represents  a  much  larger  proportion  of  the  powerplant 
weight  than  for  a  subsonic  nacelle.  Since  this  weight  increases  faster  than  the  design 
mass  flow  it  is  important  to  choose  an  engine  of  high  specific  thrust  (high  jet 
velocity)  for  supersonic  transports. 

From  specific  fuel  consumption  considerations  alone,  the  optimum!  bypass  ratio 
for  a  Mach  2  transport  would  be  around  0.6  to  0.8  depending  upon  turbine  entry  temp¬ 
erature  (see  figure  1).  The  specific  thrust  would  be  only  about  30%  lower  than  that 
of  a  turbojet  yet  this  increase  in  engine  mass  flow  with  the  attendant  increase  in 
powerplant  weight  and  drag  would  more  than  offset  the  potential  improvement  in  engine 
specific  fuel  consumption.  The  situation  is  not  improved  by  using  a  low  bypass  ratio 
turbofan  with  reheat  to  give  the  same  specific  thrust  in  cruise  as  that  of  the  Olynqxas 
593  -  see  figure  2. 

Thus,  although  a  turbofan  would  be  desirable  to  reduce  noise  levels  at  take-off 
and  landing,  the  supersonic  transport  requires  engines  of  high  specific  thrust  for  cruise. 
One  possible  method  of  meeting  these  conflicting  requirements  would  be  to  use  an  engine 
of  variable  bypass  ratio.  Such  engine  concepts  are  being  examined  and  may  form  the 
basis  of  future  powerplants  for  second  generation  supersonic  transport  aircraft. 

The  type  of  engine  chosen  to  power  the  BAC/Sr?IAS  Concorde  is  the  RR/SNECMA 
Olympus  593  turbojet,  a  section  of  which  is  shown  in  figure  3.  It  is  a  twin  spool 
engine  of  modest  pressure  ratio  which  incorporates  a  reheat  system  delivering  a  thruot 
boost  of  about  20%  for  take-off  and  transonic  acceleration. 

The  Type  28  exhaust  system  with  which  the  first  production  engines  will  be 
equipped  incorporates  three  major  components  in  a  single  integrated  designs 

a)  a  variable  primary  no xzle,  in  order  to  optimise  the  engine  performance 

over  a  wide  range  of  operating  conditions,  and  to  allow  for  reheat  operation. 
The  variable  nozzle  has  been  used  effectively  to  reduce  jet  noise  during 
climb  and  on  approach,  since  by  opening  the  nossle  with  the  twin  spool 
engine  its  mass  flow  can  be  increased  (and  hence  jet  velocity  reduced) 
whilst  maintaining  the  same  thrust, 

b)  a  secondary  nozzle,  closely  integrated  to  the  wing  structure  incorporates 
two  buckets  which  can  be  rotated  in  order  to  achieve  optimum  matching  of 
the  secondary  nozzle  exit  area  to  the  pressure  ratio  imposed  by  the  flight 
speed  and  the  engine  power.  In  addition,  at  large  deflection  angles  of 
the  buckets,  attenuations  of  sideline  noise  can  be  achieved  at  take-off. 

When  fully  closed  at  landing,  the  buckets  act  as  a  thrust  reverser. 

c)  a  jet  silencer,  incorporating  eight  "spades"  which  is  used  to  reduce  the 
jet  noise  in  flyover  at  cut -back  power,  and  which  can  bo  retracted  into 
the  secondary  nozzle  structure  to  avoid  internal  losses  during  climb 
and  cruise. 

The  configurations  of  the  Type  23  exhaust  system  in  the  sain  flight  phases  are 
illustrated  in  figure  4. 

3.  N0ISS  GKAilACXEft  1ST  ICS  OF  TKE  UNS IUSNCEB  OLYMPUS  593 

Having  outlined  the  aercdyna»ic,  prop, reive  and  aconoaical  considerations  which 
led  to  the  choice  of  the  Olympus  593,  a  short  description  of  the  noise  characteristics 
of  this  engine  when  fitted  with  a  convergent  primary  nosslo  follows.  Figure  5 
presents  a  summary  of  the  normalised  linear  peak  noise  levels  to r  this  engine  compared 
with  those  obtained  with  "jxwo”  jet*  at  the  saae  velocity.  At  take-off  conditions, 
because  of  the  high  specific  thrust  of  the  engine  (the  uxhauet  velocity  is  nearly 
850  */*),  the  jet  is  the  predominant  noise  source.  The  noise  originates  fro*  the 
classical  mixing  of  the  jet  with  the  amfcient  air  and,  in  directions  narual  to  the  jot 
axis  and  in  the  forward  arc,  from  the  interaction  of  eddies  with  the  shocks  of  the 
under exp&nde-d  jet,  A  large  numfoer  of  model  and  full  scale  tc-ete  have  shown  that  in 
the  poak  noise  direction,  the  reheat  has  no  peculiar  effects.  The  relatively  small 
noise  increments  reeulting  fre*  the  reheat  boost  (figure  6)  are  predictably  associated 
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with  the  velocity,  density  and  nosale  area  variations, 

Concorde,  in  common  with  most  aircraft,  will  use  a  noise  abatement  procedure 
during  take-off  find  it  is  well  known  that  the  effectiveness  of  such  a  procedure 
increases  as  the  engine  bypass  ratio  decreases.  During  climb  at  reduced  thrust  jet 
nixing  noise  is  still  the  predominant  noire  source  in  the  rearward  arc.  Nevertheless, 
a  progressive  increase  of  the  noise  level  at  high  angles  to  the  jet  axis  can  be 
observed.  This  increase  is  attributed  to  "internal  noise”,  which  is  examined  in 
detail  in  paragraph  4.3.  Since  this  contribution  of  internal  noise  is  moat  noticeable 
in  the  high  frequency  part  of  the  noise  spectra,  it  will  lead  to  greater  increases 
over  pure  jet  noise  when  expressed  in  PNdB  than  the  divergences  in  figure  5  would  suggest. 
Under  approach  conditions,  the  internal  noise  is  largely  predominant  over  the  other 
noise  sources  of  the  Olympus  593,  including  the  compressor  noise  radiating  from  the 
inlet. 


Also  shown  in  figure  5  are  the  peak  noise  levels  obtained  in  flight  presented 
as  a  function  of  relative  instead  of  absolute  jet  velocity.  It  will  be  noted  that 
there  is  good  correlation  between  static  and  flight  levels  at  the  highest  jet 
velocities,  slthough  as  jet  velocity  is  reduced,  progressive  divergence  of  the  data 
from  the  static  levels  occurs  as  the  contribution  of  the  internal  noise  to  the  overall 
noise  increases.  Furthermore,  this  divergence  suggests  that  the  internal  noise 
component  is  sore  dependent  on  the  internal  flow  conditions  of  the  engine  than  on  the 
relative  jet  velocity.  These  flight  effects  will  be  discussed  more  fully  in 
paragraph  5., 

The  divergences  between  the  overall  engine  noise  and  the  threshold  formed  by 
tlie  pure  jet  noise  (deduced  from  model  tests  in  an  anechoic  chamber)  are  illustrated 
in  detail  in  figure  7  which  shows  the  differences  in  the  rearward  arc  between  the 
engine  noise  level  and  the  corresponding  pure  jet  noise  level  as  a  function  of  the 
exhaust  velocity.  The  differences  can  be  seen  to  be  maxiaajm  at  low  velocities  and  at 
angles  between  70°  and  80,  being  progressively  reduced  as  the  Exhaust  velocity  is 
increased.  When  the  pressure  ratio  becomes  supercritical,  it  can  also  be  seen  that  the 
differences  are  small  in  the  rearward  arc,  but  increase  significantly  towards  the 
forward  arc,,  This  trend  results  probably  from  the  greater  level  of  shock  associated 
noise  which  is  present  in  the  engine  compared  with  that  of  models  for  which  the  jet 
turbulence  level  is  much  lower. 

An  lixaaination  of  sound  pressure  spectra  at  low  engine  thrust  provides  a  better 
assessment  of  the  contribution  of  internal  noise  to  the  overall  engine  noise.  As  an 
exaaple,  the  spectra  shown  in  figure  8  highlight  a  medium  and  high  freauency  content 
larch  greater  than  that  <sxpected  from  turbulent  mixing  of  the  exhaust  jet  with  the 
surrounding  air.  Possible  origin  of  this  noise  will  be  discussed  in  paragraph  4.3. 

The  corret ponding  perceived  noisiness  spectrum  emphasises  the  weighting  this  noise 
component  puts  on  perceived  noise  levels  expressed  in  PNd£, 

These  characteristics  of  engine  exhaust  noise  are  not  specific  to  the  Olympus 
593  but  with  minor  differences  appear  to  be  common  to  most  engines. 

4.  IDENTIFICATION  AND  SUPPRESSION  OF  THE  MAIN  NOISE  SOURCES 

Before  describing  a  nusber  of  investigations  carried  out  by  the  manufacturers, 
wo  will  outline  the  solutions  adopted  and  developed  for  the  entry  into  service  of 
Concorde. 


4.1  Acoustic  ixropertiee  of  the  exhaust  system  designed  for  entry  into  service 

Although  the  overall  design  of  the  Olympus  593  was  frozen  as  early  as  1965, 
the  engine  manufacturer*  have  progressively  applied  all  possibilities  offered  by 
available  noise  reduction  technique*  compatible  with  the  technological ,  economical 
and  operational  constraints  of  the  supersonic  aircraft  (l)  (2), 

Once  the  engine  cycle  most  appropriate  to  the  Concorde  mission  had  been  defined, 
supy.ro* sion  techniques  for  seducing  noise  at  source  were  limited.  Nevertheless,  the 
Olyapus  593  engine  offered  sos-4  potential  for  source  noise  reduction  other  than  At  full 
powur  because  of  it*  twin  spool  layout*  Opening  the  erinsaty  nossle  to  the  maxiem* 
possible  area  compatible  with  a  safe  surga  sasryln,  while  maintaining  the  thrust 
comtant  by  increasing  the  low  pressure  compressor  speed,  will  reduce  cjetsiderably  the 
jet  velocity  and,  as  a  consequence,  the  jet  mixing  noise.  Considerable  progress  in 
this  direction  Isas  been  achieved  since  the  prototype  engine  tests,  without  affecting 
the  engine  handling  characteristic*.  Shrototype  and  preprcductioR  aircraft  flight  tost* 
have  demon* t rated  the  validity  of  thi*  technique  and  the  noiaa  reductions  already 
d* tons tested  in  flight  are  shown  in  figure  9  at  Concorde  approach  and  cut -back 
conditions  respectively. 

Other  jet  noise  reduction  technique*  are  built  into  the  geaeral  design  of  the 
exhaust  system  being  developed  for  entry  into  service,  and  which  is  designated  the 
Typa  28  No«le.  The  sideline  uoisu  reduction  at  bake-off  is  achieved  by  fishtail  log 
of  the  jet  by  rotating  the  buckets  at  an  angle  of  about  30°  as  eooo  s*  the  aircraft 
is  airborne  (3).  The  performance  of  thi*  device  is  submarined  in  figure  \0.  At  cut¬ 
back,  which  provide  a  noise  reduction  of  the  order  ox  IP  ITiSS,  the  spade  ail sneer  i* 
introduced  into  the  jet  and  the  bucket  angle  £c  reduced  to  about  ld°.  The  performance 


of  this  silencer,  which  is  completely  retractable,  is  shown  on  figure  11. 

It  is  worth  recalling  that  the  take-off  and  climb  trajectory  for  «  given  weight 
is  dependant  on  the  installed  thrust.  Figure  12  shows  for  a  given  silencer  attenuation, 
the  changes  in  flyover  noise- level  for  Concorde  at  maximum  weight  due  to  changes  in 
thrust  (2).  An  increase  in  take-off  thrust  leads  to  an  increased  throttling  altitude, 
a  greater  height  over  the  measuring  point,  and  a  lower  flyover  noise  level,  although 
the  optimum  throttling  distance  from  start  of  roll  is  reduced.  The  figure  also 
indicates  the  importance  of  reducing  losses  in  take-off  thrust  by,  for  example, 
avoiding  the  premature  deployment  of  silencers. 

Although  actions  and  devices  described  are  intended  to  ensure  that,  at  the  time 
of  entry  into  service,  Concorde  will  not  be  noisier  than  most  long-range  aircraft  in 
service  today  the  manufacturers  are  fully  aware  that  this  initial  target,  which  corres¬ 
ponds  to  a  total  reduction  of  the  order  of  20  EFNdB  at  the  three  measuring  points 
relative  to  the  prototype  Concorde  noise  levels,  cannot  be  considered  as  satisfactory 
in  the  longer  term.  Because  of  this,  close  cooperation  between  SNECMA  and  Rolls-Royce 
ha3  resulted  in  many  investigations  being  carried  out  aimed  at  achieving  a  better 
understanding  of  the  noise  generating  processes,  and  at  exploring  new  silencing  devices 
to  attenuate  these  noise  sources.  To  ensure  that  no  aspect  of  the  problem  is  overlooked, 
the  manufacturers  are  using  the  assistance  of  several  University  and  Research  organisa¬ 
tions  in  the  fields  of  acoustics  with  the  main  objective  of  improving  the  systems 
designed  for  the  entry  into  service,  and  evolving  new  attenuation  devices. 

4.2  Jet  noise  reduction 

Two  ranges  of  jet  velocities  are  of  major  importance  as  related  to  the  Concorde 
noise  problem  t  the  low  velocity  rarge,  corresponding  to  the  approach  power  of  the 
Olympus  593,  and  the  high  velocity  range  (including  the  case  of  underexpanded  jets) 
corresponding  to  the  take-off  conditions. 

Until  recently,  there  were  some  inconsistencies  in  the  jet  noise  prediction 
methods  at  low  exhaust  velocities.  This  situation,  which  has  lasted  for  a  long  time, 
has  made  it  difficult  both  to  identify  and  to  quantify  the  internal  noise  sources  on 
jet  engines  running  at  intermediate  power.  In  order  to  solve  this  problem,  SNECMA  and 
NGTE  conducted,  a  few  years  ago,  a  systematic  research  programme  on  the  effect  of  the 
temperature  of  a  jet  on  its  noise  emission  (4),  showing  mainly  that  at  low  velocities 
a  hot  jet  is  noisier  than  a  cold  one,  the  reverse  being  confirmed  at  high  exhaust 
velocities.  From  this  work  experimental  values  of  a  variable  jet  density  exponent 
were  determined  which,  when  introduced  into  the  usual  jet  noise  normalising  function, 
enabled  a  single  prediction  curve  for  jet  noise  to  be  obtained,  applicable  to  a  wide 
range  of  exhaust  conditions.  Figure  13  shows  the  jet  density  index  which  has  been 
introduced  in  the  acoustic  power  normalising  function  of  a  jet,  the  results  of  which 
is  to  produce  the  jet  noise  correlation  curve  9hown  in  figure  14.  This  concept  of  a 
variable  density  index  has  been  incorporated  in  the  recently  proposed  revision  of  the 
S.A.E.  jet  noise  prediction  method  A.R.P.  806. 

In  the  high  jet  velocity  range,  research  has  been  conducted  chiefly  on  noise 
generated  by  shock  waves  in  underexpanded  jete.  The  best  known  phenomenon  is  a 
discrete  tone  emission,  often  termed  "screech",  but  considering  that  it  generally 
appears  only  on  cold  model  jets,  it  is  essentially  of  academic  interest.  Of  greater 
importance  when  considering  engines  and  particularly  the  reheated  Olympus  593,  is  the 
high  frequency  broadband  noise  which  appears  at  angles  around  90°  to  the  jet  and  in 
the  forward  arc  and  which  is  generated  when  eddies  fra*  the  jot  mixing  layer  interact 
with  the  shock  waves  of  the  underexpanded  jet.  This  Interaction  mechanism  and  the 
laws  governing  this  noise  emission  were  described  by  Fisher  (S)  who  showed  in  particular 
that  the  emitted  sound  intensity  varies  like  the  square  of  the  pressure  jump  across 
the  shock-wave.  By  using  an  adapted  con-di  nosxle  it  is  possible  to  suppress  this 
interaction  noise  as  shown  on  figure  IS,  but  the  mixing  noise  in  the  peak  noise 
direction  is  only  Oarginally  modified,  Attests  to  use  an  ideal  con-di  norsle  on  an 
engine  however,  raises  several  design  problems  in  connection  with  weight,  overall 
dimension?,  and  the  difficulty  of  achieving  a  variable  throat  area  whilst  maintaining 
a  smooth  internal  r.osslo  profile.  Research  on  con-di  newsies  was  therefore  oriented 
toward-  the  possible  use  of  shorter  ncssles  with  a  conical  profile.  As  can  be  seen 
on  figure  IS,  the  noi9«  characteristics  of  the  norrle  deteriorate  as  the  length  of 
tb-j  divergent  part  of  the  noasle  i»  reduced.  Other  devices  such  as  perforated  ejectors, 
or  slotted  nor  tie*  (6)  have  been  investigated  in  an  attempt  to  obtain  a  shock  free 
expansion  of  the  jet. 

In  the  f'sld  of  jet  noise  attenuation,  in  addition  to  evaluating  tuny  different 
silencing  concepts,  a  major  effort  has  been  directed  naturally  towards  improving 
acoustic  properties  of  the  Type  26  c;:hairt  system  defined  fox  entry  into  service. 

Several  different  approaches  have  been  explored  and  they  are  described  fully  in 
reference  (?).  Some  of  these  studies  are  mentioned  below  and  basically  consist  of 
the  following  s 

a)  Using  internal  and  external  side  plste-j  to  reproduce  in  the  flyover  plane, 
noise  reductions  comparable  to  those  achieved  in  the  lateral  plans  by 
rotating  the  Type  *8  nosale  buckets.  The  side  plates  which  are  devices 
hinged  in  a  vertical  plane,  fishtail  the  jet  and  give  directional  silencing 
under  the  aircraft. 


b)  Determining  possible  ways  of  improving  the  Type  28  nozzle  noise  attenuations 
in  the  lateral  plane  by  reducing  the  secondary  flow,  and  therefore  the 
secondary  pressure  ratio  within  the  nozzle. 

c)  Optimising  the  geometry  of  the  thrust  reverser  buckets  and  deflectors.  The 
study  of  the  Type  28  nozsle  acoustic  characteristics  has  shown  that  the 
thrust  reverser  deflectors  play  a  modest  part  in  the  sideline  noise  atten¬ 
uation  achieved  by  .fishtailing  the  jet  with  th,-  buckets.  The  likely  action 
of  these  deflectors  is  to  produce  an  additional  squeezing  at  the  side  of 
the  jet  which  magnifies  the  effect  produced  by  the  buckets . 

Several  shapes  and  sizes  of  deflectors  have  therefore  been  tested  and 
the  performance  obtained  with  the  widest  deflectors  is  given  in  figure  16. 

The  problems  raised  by  the  use  of  such  enlarged  deflectors  in  the  Type  28 
nozzle  (losses  in  cruise,  mechanical  integrity,  performance  in  reverse 
thrust  etc.)  are  presently  undergoing  technological  evaluation. 

In  view  of  the  directional  acoustic  properties  of  the  Type  28  nozzle  with  buckets 
deflected,  a  great  ament  of  research  work  (6)  has  also  been  devoted  to  the  study  of 
various  types  of  no2zle  designs  capable  of  producing  fishtailed  jecs.  One  of  the 
sicplest  and  most  efficient  designs  is  a  notched  nozzle,  obtained  by  cutting  two  tri¬ 
angular  notches  in  the  sides  of  ?  convergent  nozzle  (figure  17).  With  such  no22les  it 
is  possible  to  achieve  a  wide  spreading  of  the  jet  in  the  plane  of  the  notches,  as  shown 
by  the  shadowgraphs  presented  in  figure  18.  Noise  fields  measured  in  the  principle 
planes  of  the  nozzle  are  compared  with  that  of  a  convergent  nozzle  in  the  same  figure, 
and  a  close  analogy  between  the  acoustic  behaviour  of  these  no22les  and  that  of  Type  28 
nozzle  can  be  seen.  It  is  possible  that  the  high  r.oise  reduction  observed  in  the  plane 
where  the  jet  spreads  most  rapidly,  results  from  the  high  eddy  diffusivity  in  this 
plane.  However,  in  a  recent  private  communication,  Dr.  Fisher  suggests  that  the  noise 
reduction,  noticed  in  the  "silent  plane"  of  such  jets,  could  result  from  a  progressive 
decrease  in  the  role  of  convective  amplification  with  increase  of  jet  spreading  angle. 

Because  of  possible  adverse  interaction  between  two  fishtailed  jets  when  placed 
in  close  proximity,  as  in  the  twin  Concorde  nacelles,  this  problem  has  been  investigated 
closely.  One  series  of  studies  covered  the  interaction  of  two  asymmetric  jets,  viz  jets 
from  a  pair  of  notched  nozzles  each  incorporating  one  and  two  notches  respectively.  The 
nozzle  centre-lines  were  parallel  and  separated  from  each  other  by  1.5  nozzle  diameters. 
Noise  was  measured  along  the  two  main  axes  of  the  nozzle  group  by  symmetrically  varying 
the  angle  (fl  of  the  notch  plane  relative  to  the  plane  of  both  nozzle  centre-lines. 
Attenuations  relative  to  a  group  of  two  convergent  reference  nozzles,  are  shown  by 
figure  19,  It  can  bs  seen,  in  particular,  that,  at  right  angles  to  the  twin  nozzle 
(  §  =  90°),  the  optimum  attenuation  is  not  achieved  when  (D  =  90°,  but  when  the  two 
fishtailod  jets  interact  with  each  other  at  (Q  =  120°.  Also  an  attenuation  is  observed 
in  the  direction  noraal  to  the  plane  of  the  notches  (  (0  =  0°  and  <0  =  J80°),  which  is 
not  the  case  with  a  ringlo  notched  nozzle  (refer  to  figure  17).  The  optimum  attenuation 
from  this  twin  nozzle  arrangement  is  the  same  as  that  obtained  in  the  plane  S  =  0°, 
when  the  notches  are  coplanar  {  (p  a  0°), 

Another  group  of  experiments  was  related  to  the  study  of  acoustic  masking  affects. 

A  model  of  tha  twin  Type  28  nozzle  arrangement  in  Concorde  was  used  for  these  tests, 
and  measureKentij  were  taken  in  the  horizontal  plane  containing  both  nozzle  centre-lines. 
The  upper  curves  in  figure  20  show  noise  fields  obtained  at  low  bucket  angles  (  ^  =  5° 
and  20«)  with  the  Type  28  newsies  both  fitted  with  standard  deflectors.  The  experiment 
was  then  repeated^but  with  the  buckets  of  the  nozzle  located  nearest  the  tai or  option®  set 
at  an  angle  of  30  and  fitted  with  wide  thrust  reverser  deflectors  -  a  configuration 
corresponding  to  the  aaxiseim  possible  attenuation,  (refer  to  figuie  16).  The  buckets 
of  thc^standard  ryirsle  cm  the  far  <jide  of  the  microphone  were  successively  set  at  5,  20 
and  °0  .  It  can  be  seen  that  the  noise  fields  and  spectra  are  virtually  unchanged, 
which  suggests  the  existent  of  a  nearly  perfect  masking  by  the  "quiet"  jet  of  the 
adjacent  noisier  one.  Other  twin  nozzle  configurations  (Type  28  nozzle,  notched  nozzles 
etc.)  have  been  observed  to  give  identical  effects  which,  although  not  yet  fhlly  under¬ 
stood,  o->*n  the  way  to  promising  possibilities  in  the  field  of  jet  noise  reduction. 

In  parallel  with  studies  on  uovel  silencer  designs,  the  manufacturers  are 
proceeding  with  the  evaluation  of  a  mtsfeer  of  known  silencev  concepts,  with  stress 
being  placed  upon  silencer*  capable  of  being  fully  rotractad  In  order  to  avoid  the  very 
severe  penalty  which  would  result  from  thrust  lo*s*3  in  cruise.  Thev  include  studies 
on  multi tube  silencer*  similar  to  'ho*e  studied  by  Boeing  and  General  Electric  as  pert 
of  the  American  SST  programs  (8).  htuciios  are  being  ssade  also  in  cooperation  with 
Socidto  Bortin  on  nozzle  concepts  a.»  illustrated  in  figure  21.  Attempts  to  apply  such 
nozrlcs  tc  the  current  Concorde  power pi ant  pose  extremely  difficult  technological 
proMe&s  due  to  the  vary  severe  environment  existing  at  the  engine  exhaust.  The  need 
tc  incorporate  variable  geoxafty  to  adapt  the  nozzle  to  th*  various  phase*  of  flight 
and  to  retract  silencing  elements  wherever  possibl*,  rsieo*  weight  sod  drag  penalties 
which,  being  asrch  wore  critical  in  s  suparaonie  thin  in  a  subsonic  aircraft,  could 
prevent  the  use  of  such  silencing  system*. 

To  conclude  this  section,  figure  22  ahowo  tha  potential  perforwmeo  of  soma  silencer 
system*  investigated  **  part  of  this  research  work,  but  the  acturtl  application  of  such 
eye tea*  o/tso  presents  sever*  problems  to  too  deeiga  engineers . 


4.3  Internal  noise 


When  describing  the  acoustic  characteristics  of  the  Olympus  593  (in  paragraph  3) 
the  presence  of  internal  noise  was  postulated  and  this  component,  which  radiates  at  high 
angles  to  the  jet  axis,  oecomes  the  dominant  engine  noise  source  at  low  thrust  levels. 
Conventionally,  "internal  noise"  includes  any  noise  component  emitted  by  an  engine  exhaust 
and  which  is  not  pure  jet  noise.  In  this  context,  pure  jet  noise  is  taken  as  the  data 
obtained  from  exhaust  nozzle  rigs  of  high  internal  flow  quality  mounted  in  an  anechoic 
chamber.  Such  data  is  given  in  reference  4.  This  definition  of  internal  noise  does 
not  include  compressor  noise  (or  fan  noise  in  the  case  of  a  bypass  engine). 

Extensive  theoretical  and  experimental  investigations  have  been  made  to  define 
and  characterise  the  sources  of  internal  noise  in  turbojet  engines,  which  first  becomes 
apparent  as  an  increasing  divergence  of  the  total  noise  from  pure  jet  noise  as  exhaust 
velocity  decreases  -  see  figure  5.  At  very  low  jet  velocities  (about  200  m/s )  the 
total  noise  follows  a  law  like  (Vj)4  rather  than  the  ( Vj ) ®  law  which  is  appropriate 
to  pure  jet  noise.  Examination  of  engine  noise  spectra  shows  medium  and  high  frequency 
contents  which  are  considerably  greater  than  those  resulting  from  the  pure  jet.  Peak 
noise  spectra  for  the  Olympus  593  at  jet  velocities  around  350  m/s  are  shown  in 
figure  8,  The  high  frequency  region  of  the  spectra  appears  to  be  characterised  by 
broadband  turbine  tones  associated  with  blade  interaction  phenomena  in  the  H.P.  and  L.P, 
turbine  assemblies.  The  corresponding  perceived  noisiness  spectra  emphasise  the  serious 
weighting  of  this  noise  component  when  deriving  the  FNdB  levels. 

The  changes  in  spectra  at  90°  to  the  engine  as  jet  velocity  is  reduced  are  shown 
in  constant  band  width  format  in  figure  23.  At  jet  velocities  around  500  m/s  (condition 
D)  where  the  exhaust  nozzle  is  just  choked,  the  low  frequency  part  of  the  spectrum  is 
almost  entirely  accounted  for  by  jet  noise.  At  high  frequencies  the  broadband  noise 
level  is  greater  than  that  expected  from  a  pure  jet.  As  jet  velocity  is  reduced  the 
fine  character  of  the  spectrum  becomes  apparent  as  the  broadband  component  of  internal 
noise  falls.  At  low  jet  velocities  (condition  A)  the  tonal  components  from  the  turbine 
can  be  clearly  seen,  being  dominated  by  the  low  pressure  turbine  tone  which  appears  to 
have  suffered  considerable  spectral  broadening.  The  high  pressure  turbine  fundamental 
tone  which  appears  at  about  9  KHz  is  even  more  broadened.  Tones  are  present  also  at 
frequencies  which  are  related  to  the  differences  between  the  high  and  low  pressure 
turbine  tones. 

Thus  with  jet  velocities  around  400  a/a  internal  noise  in  turbojet  engines  is 
essentially  of  a  broadband  high  frequency  character  peaking  around  70-80°  to  the  jet 
axis.  At  low  jet  velocities  where  internal  noise  is  the  dominant  exhaust  noise  source 
in  a  turbojet,  the  spectra  at  high  angle  to  the  jet  are  much  more  tonal  in  character 
although  the  tones  are  broadened  considerably. 

These  general  internal  noise  characteristics  are  not  peculiar  to  the  Olympus  593. 

Clearly  the  turbine  assembly  has  a  significant  influence  on  the  source  character¬ 
istics  of  internal  noise  at  low  jet  velocities,  figure  24  shows  the  internal  noise 
component  at  70  to  the  jet  axis  for  two  standards  of  Olympus  593,  plotted  as  a  function 
of  H.P.  turbine  tip  speed.  The  correlation,  which  cover*  the  range  of  jet  velocities 
from  250  to  500  m/s,  is  reasonably  good,  and  does  not  suggest  any  change  in  source 
mechanism  as  thrust  is  reduced.  If  the  H.P.  turbine  with  its  essentially  subsonic 
blading  were  the  main  source  of  internal  noise  (tong  and  broadband  components)  then  the 
velocity  exponent  given  by  the  correlation,  (via  Vrl3)  is  different  from  that  obtained 
from  correlating  subsonic  compressor  and  fan  noise,  suggesting  that  different  generation 
mechanisms  may  be  involved.  It  is  relevant  to  note  that  the  nosrle  coats-; L  character¬ 
istics  of  the  twin  spool  Olympus  593  &re  such  that  over  the  thrust  range  indicated  by 
figure  23,  thrust  and  hence  jot  velocity  are  almost  proportional  to  H.P.  turbine  spaed, 
so  that  alternative  interpretations  of  thir  figure  are  possible.  However  the  best 
correlation  of  data  from  different  standards  of  Olyspus  593  was  obtained  when  internal 
noise  was  plotted  as  a  function  of  H.P.  turbine  speed  rather  than  jot  velocity  or  other 
aero-thermodynamic  parameters. 

f^any  diagnostic  studies  have  been  made-,  sotse  at  full  scale  using  the  Olympus  S93 
and  other  turbojet  engine*,  in  an  attempt  to  determine  the  influence  of  other  parameters 
on  internal  noise.  They  include  the  effects  of  major  changes  to  the  design  of  combustor, 
turl ine,  turbine  diffuser  and  tailpipe.  Although  In  many  cases  Boaaur&ble  chat^ges  to 
the  internal  noise  component  were  obtained  and  beneficial  changes  to  the  engine  have 
resulted  (for  example  see  figure  25)  in  none  of  them  has  any  convincing  evidence  been 
found  of  any  major  change  to  the  source  of  broadband  internal  noise. 

Since  there  is  evidence  that  at  least  part  of  the  internal  noise  of  a  turbojet 
has  its  origin  in  the  turbine  assembly  it  is  relevant  to  examine  possible  propagation 
path*  and  expected  far  field  acoustic  characteristic*.  Per  noise  source*  located  in 
the  tailpipe,  there  would  bs  a  propagation  path  through  the  ngrsle  exit  and  thence  fcv 
refraction  and  scattering  through  the  jet  shear  layer  to  the  surrounding  atmosphere. 

Such  radiation  would  peak  in  the  rear  arc.  Theoretical  studio*  by  Pf owcs-William*  et  al 
(9)  (10)  (11)  suggest  that  sound  radiated  in  this  manner  would  be  expected  to  vary 
with  a  typical  velocity  like  V®  or  V$,  the  tame  exponents  should  apply  to  noise 
generated  by  turbulence  contained  in  a  pipe  with  various  end  constraint*.  There  are 
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several  aspects  of  the  experimental  results  which  are  rot  explained  by  this  modelling 
of  internal  noise.  Also  the  observed  directivities,  and  changes  with  forward  speed 
which  are  discussed  in  the  next  section,  indicate  a  much  higher  level  of  internal  noise 
at  high  angles  to  the  jet  and  in  the  forward  arc  than  appears  possible  solely  by 
considering  noise  refracted  and  scattered  by  the  jet  shear  layer. 

There  is  a  second  family  of  internal  noise  generation  processes  which  involves 
interaction  of  unsteady  internal  flow  with  the  nozzle  exit  region.  Interactions  of 
this  type  have  been  studied  theoretically  with  several  different  mechanises  and  lip 
boundary  conditions  being  postulated  (11)  (12).  Several  such  interaction  mechanisms 
could  give  acoustic  efficiencies  comparable  with  that  of  the  jet,  and  with  jet  velocity 
dependence  and  pronounced  high  angle  and  forward  arc  directivities  which  are  in  accord 
with  experimental  results  both  static  and  in-flight. 

The  unsteady  exhaust  flow,  which  may  be  regarded  as  fluctuations  in  engine  mass 
flow  combined  with  fluctuations  in  axial  and  transverse  momentum,  has  its  origin 
essentially  in  the  unsteady  expansion  process  through  the  turbine  assembly  with  modul¬ 
ations  due  to  fluctuations  in  turbine  entry  conditions  and  the  flow  about  components 
in  the  tailpipe,  i.e.  turbine  exhaust  diffuser  vanes,  etc.  Experiments  have  been 
carried  out  to  study  nozzle  lip  interaction  phenomena  and  to  attempt  to  modify  the 
lip/turbulence  interaction  process  by  changes  both  to  the  character  and  intensity  of 
the  unsteady  flow  approaching  the  noz2le,  and  to  the  acoustical  impedance  of  the  lip 
and  initial  jet  shear  layer. 

Figure  26  shows  the  changes  in  linear  field  shape  produced  by  fitting  an 
acoustical  lining  to  the  Olympus  tailpipe  whilst  the  corresponding  spectral  changes 
at  90°  to  the  jet  are  shown  in  figure  27.  The  lining,  which  was  designed  to  ba  most 
effective  in  the  frequency  range  800  to  3000  H2,  reduced  both  the  tone  and  broadband 
noise.  Themximua  attenuation  was  in  the  rear  arc  centred  at  about  80°.  Very  similar 
results  were  obtained  by  use  of  a  relatively  small  screen  placed  just  downstream  of 
the  nozzle  exit  jid  to  the  side  of  the  jet,  as  shown  in  figure  28. 

These  and  other  diagnostic  exhaust  screening  tests  on  the  Olympus  393  which 
indicate  the  presence  of  important  noise  sources  other  than  those  related  to  jet 
mixing  processes,  are  discussed  in  more  detail  in  reference  6. 

Attempts  to  modify  lip  sources  by  changes  to  the  character  of  the  unsteady 
flow  at  the  nozzle  of  the  engine  included  tests  in  which  a  honeycomb  flow  straightener 
was  installed  in  the  tailpipe  just  downstream  of  the  turbine  exhaust  diffuser.  The 
honeycomb,  which  had  a  rectangular  cell  structure  of  3  x  3  x  15  csss,  produced  sign¬ 
ificant  reductions  in  the  high  frequency  broadband  noise  in  the  forward  arc  -  see 
figure  29.  These  results  suggest  that  unsteady  flow  interaction  with  the  nozzle  exit 
is  an  important  mechanism  in  the  generation  0/  internal  noise  -  certainly  of  the 
forward  radiated  component.  The  investigation  of  this  phenomenon  involves  the  appli¬ 
cation  of  advanced  analysis  techniques;  in  flow  measurements,  narrow  band  analysis, 
auto  and  cross  correlation  etc.,  and  major  research  progra.jocs  are  being  carried  out 
by  the  Concorde  engine  manufacturers  and  their  collaborators  in  order  to  understand 
and  to  silence  the  various  sources  of  internal  noise.  Several  Improvements  have  already 
been  effected  and  others,  involving  the  lining  of  the  engine  tailpipe  and  secondary 
nozzle  system  are  being  actively  studied. 

5.  THE  EFFECTS  OF  FORWARD  SPEED  ON  ENGINE  EXHAUST  NOISE 

The  Olympus,  having  significantly  higher  jet  velocities  than  turbofan  engines 
representative  of  today's  subsonic  transport  aircraft  ha*  been  shown  to  pose  peculiar 
silencing  problems.  One  important  aspect  of  these  problems  is  the  changes  in  noise 
generation  and  propagation  mechanises!  which  occur  between  static  and  flight  situations. 
Such  changes  might  be  expected  to  be  different  from  those  which  are  experienced  by 
engines  whoso  acoustical  characteristics  are  dominated  by  turbo-machinery  noise. 

Several  fundamental  investigations  of  the  influence  of  forward  speed  on  jet  a  d 
exhaust  noise  characteristics  have  been  conducted  in  support  of  the  Concorde  yrcgr»sE»e, 
amt  although  these  studies  are  not  yot  complete,  sufficient  w%>rk  has  been  do.  .e  to 
highlight  the  mast  iaportant  chancre  which  occur.  These  changes  are  presented  and 
discussed  in  this  section. 

In  order  to  study  such  changes  systematically  it  is  desirable  t  "He  direct 
comparison  "'etwean  th.  static  and  fright  acoustical  characteristics  of  a  given  engine. 
Unfortunately  acoustical  data  fro*  an  aircraft  flight  prog rases,  although  appropriate 
for  establishing  the  noi'.e  levels  of  the  aircraft,  cannot  be  compared  directly  with 
that  fro*  static  calibrations  of  the  cot  re* ponding  engine.  TTie  aircraft  itself  tends 
to  na*k  funds awntal  effects  associated  sissply  with  forward  motion.  Attsants  to 
correct  /or  diffaunees  in  euviromsmctal  effects  including  ground  reflect  ion,  and 
specific  aircraft/engine  installation  features  -  particularly  with  a  aulti -engined 
aircraft,  frequently  introduce  sound  level  correction*  which  are  biggc.r  than  the  static 
to  flight  changes  being  studied,  Cosecquentlv,  f^ing  t««t  bed*  and  flight  simulation 
facilities  have  played  *ruS  will  continue  to  play  an  important  role  in  providing 
fundamental  data  on  the  effects  of  action  on  engine  noise. 

Two  major  flight  »  imj  la  tiers  facilities  which  have  been  used  to  support  th# 
Conc-oxde  programs*  *r<#  the  Rolls-Royce  spinning  rig  and  the  V’clcan/Olympu*  593  flying 
test  bed  -  see  figv.ru  30.  The  Rolls-Royce  spinning  rig  la  a  simulated  flight  facility 


for  the  study  of  jet  and  exhaust  noise  at  forward  speeds  up  to  15C  m/sec.  The  facility 
is  designed  to  spin  nodal  nozzles  of  approximately  '/10th  Concorde  scale  at  the  end  of 
a  rotor  of  10  metre  radius 5  and  is  capable  of  reproducinc  jet  stagnation  conditions 
up  to  a  pressure  of  4  atmospheres  and  a  temperature  of  130CTK.  By  tethering  the  rotor, 
the  static  acoustical  characteristics  of  a  given  exhaust  svstom  can  be  determined, 
and  these  data  can  then  be  compared  directly  with  the  acoustic  characteristics  determined 
when  the  system  is  in  motion.  The  Vulcan  flying  test  bed  which  has  now  been  withdrawn 
from  the  programme,  was  powered  by  four  Olympus  101  engines  and  was  fitted  with  an 
Olympus  593-4  engine  and  a  type  10  (prototype)  exhaust  system  in  a  Complete  Concorde 
nacelle  installed  beneath  the  aircraft  fuselage.  The  position  of  the  secondary  nozzle 
system  relative  to  the  trailing  edge  of  the  Vulcan  wing  was  different  from  that  of  the 
Concorde  installation.  Although  this  difference  had  a  measurable  effect  upon  the 
acoustical  field  shape  compared  with  that  of  Concorde,  it  is  considered  that  meaningful 
studies  of  the  changes  in  engine  acoustical  characteristics  with  forward  speed  were 
possible.  Using  the  Vulcan  F.T.B.  and  the  variable  primary  nozzle  of  the  twin  spool 
Olympus  593  it  was  possible  to  study  the  effect  of  in-  reasing  forward  speed  at  constant 
exhaust  velocity  and  at  constant  relative  jet  velocity.  The  results  from  these  tests 
are  summarised  below. 

The  linear  OASFL  field  shapes  at  305  metres  altitude  at  forward  speeds  o^  90  and 
ieo  m/s  are  shown  in  figures  31  and  32  respectively.  These  field  shapes,  which  are 
presented  as  functions  of  noise  emission  angle,  have  been  corrected  for  differences  in 
aircraft  attitude  and  for  aircraft  self-noise  at  the  two  forward  speeds,  and  the  noise 
levels  have  been  normalised  to  standard  atmospheric  conditions,  in  general,  increasing 
the  flight  speed  leads  to  a  reduction  in  rear  arc  noise  and  an  increase  in  forward  arc 
noi,.e.  The  changes  at  a  given  jet  (exhaust)  velocity  are  shown  in  figure  33.  Although 
the  trends  in  directivitt'  changes  with  forward  speeds  at  these  jet  velocities  are 
broadly  in  line  with  predictions  of  the  effect  of  motion  on  jet  mixing  noise  (13),  the 
^tent  of  the  changes  at  right  angles  to  the  jet  and  particularly  in  the  forward  arc, 
are  greater  than  predicted.  At  about  40°  -  50°  to  the  jet  axis  (i.e.  the  angular  range 
in  which  jet  mixing  noise  would  be  expected  to  dominate)  the  reduction  in  OASPL  with 
increase  in  forward  speed  at  the  higher  jet  velocities  (greater  than  600  m/s )  is  approx¬ 
imately  that  which  would  be  expected  from  jet  relative  velocity  considerations.  At  jet 
velocities  below  about  550  m/s  the  reduction  in  rear  arc  noise  level  with  increasing’ 
forward  speed  is  markedly  less  than  expected.  This  suggests  that  "internal"  noise 
sources  are  present  and  influential  at  higher  jet  velocities  than  would  be  suggested  by 
static  jet  studies  —  see  figure  5.  Such  a  postulation  is  supported  by  the  observed 
changes  in  field  shape  with  forward  speed  at  high  angles  to  the  jot  where  a  reduction 
in  jet  relative  velocity  does  not  lead  to  a  reduction  in  noise  level,  even  when  the  jet 
velocity  is  high.  This  result  suggests  that  the  source  strength  for  the  high  angle 
radiation  actually  increases  with  forward  speed. 

In  the  forward  arc  there  appears  to  be  an  increase  in  noise  level  with  forward 
speed  although  with  critical  and  subcritical  pressure  ratios  this  increase  is  small. 

The  increase  in  forwvra  arc  noise  at  high  jet  velocities  4600  a/s)  could  be  related’ 
to  the  presence  of  shock  associated  noise  from  the  supercritical  jet  since  examination 
of  spectra  suggests  that  shock  noise  dominates  in  the  forward  arc  un.  r  these 
conditions.  The  increase  in  QASPi-  in  the  forward  arc  with  flight  ,-d  at  high  iet 
velocities  is  well  predicted  by  the  fourth  rneer  of  the  Doppler  factor  { 1 -M  cos  &  ) 

except  in  the  extreme  forward  arc  where  shock  associated  noise  probatlv  effectively 
shielded  by  the  aircraft  itself. 

At  the  lower  jet  velocities  where  the  changes  in  the  forward  arc  are  small, 
the  lack  of  any  significant  attenuation  at  high  angles  to  the-  jet  suggests,  the  presence 
o.  important  non-convected  disturbances  which  would  also  be  expected  to  suffer 
ass)! if ication  in  the  forward  arc  with  increase  in  forward  speed.  Krcs  the  Vulcan  flight 
test  with  th«o01ympu5i  593  .shut  down,  an  increase  in  forward  arc  noiso  level  relative 
to  that  at  90  to  the  jet  was  observed,  being  3  dB  at  150°  to  the  iot  axis.  This  is 
almost  the  value  expected  fre*  Doppler  amplification  of  oonopole  and  dipole  sources 
Saving  with  the  aircraft.  These  esperiaantsl  results  suggest  there  is  a  range  of  let 
velocities  around  tho  critical  value  in  which  non -eoetv  acted  p-hor.oteno  have  a  weaker 
influence  ers  forward  arc  field  shape  changes.  This  range  is  bordered  at  the  higher 
velocities  by  the  presence  of  shock  associated  noise  and  at  the  lower  velocities  by 
the  dominance  of  nossle  based  internal  noise  sources. 


Comparison  of  thu  linear  acovsUe  field  shapes  and  of  the  spectra  in  directions 


froa  the  spinning  rig.  Whether  this  phenomenon  is  <0  ssxse  extent  fortuitous,  being 
the  result  of  the  general  reduction  with  flight  speed  of  jet  mixing  4 converted)  noise 
in  the  rear  arc  and  or  the  increase  with  flight  speed  of  aircraft  and  oewcrplant  based 
Cion  convened)  noise  in  the  forward  arc,  is  not  certain,  However  it  io-as  likely 
that  as  exhaust  velocity  is  reduced  the  noire  levels  at  high  angles  to  the  jet  in-flight 

become  inert — --  - •  ......  •  v 

to  be  no; 
the  Rain 

with  noise  sources  attached  to  the  aircraft  than  with  sources  ccnoected  in  the  rearward 
direction  by  the  jet.  A*  a  result  of  the  above  transition,  the  peak  noise  in  flight 
is  observed  to  move  progressively  away  fro*  the  ici  axis  to  angles  where  there-  are 
essentially  no  changes  with  flight  speed  -  tee  figure  34.  it  is  relevant  to  note  tsiat 


the  Vulcan  flights  with  the  Olympus  shu"  down  showed  a  general  increase  in  overall 
sound  pressure  level  at  all  angles  to  the  when  the  flight  speed  was  increased. 

The  increase  at  90  to  the  jet  axis  was  9.S  dB  which  corresponded  to  a  variation  in 
noise  level  with  aircraft  speed  of  V^*4,  The  increase  in  the  fort  ard  arc  was  somewhat 
greater  with  the  peak  noise  occuring  at  110°  *o  the  jet  axis. 

With  engines  other  than  turbojets  turbo-machinery  noise  sources  would  make  an 
increasingly  important  contribution  to  the  non-convected  noise  sources  as  jet  velocity 
is  reduced.  In  the  present  flight  studies  however  such  sources  were  found  by  narrow 
band  analysis  to  be  relatively  unimportant,  (compressor  noise  cn  the  Vulcan  FTB  is 
effectively  attenuated  by  tbe  intake),  and  are  avoided  entirely  in  the  case  of  the 
spinning  rig.  Thus,  in  considering  the  effects  of  forward  motion  on  jet  and  exhaust 
noise  alone,  three  regimes  can  be  identified.  They  are  illustrated  diagramrsatically 
in  figure  35,  and  may  be  described  as  follows : 

a)  At  high  (supercritical)  jet  velocities  (>  550  m/s)  where  jet  mixing  noise 
dominates,  peak  noise  occurs  well  in  the  rear  arc  at  about  40°  to  the  jet 
axis.  The  peak  level  in  flight  follows  the  trends  expected  from  jet 
relative  velocity  considerations.  At  high  angles  to  the  jet  axis  non- 
convected  noise  sources  appear  to  be  important,  whilst  in  the  forward  arc 
noise  levels  increase  with  forward  speed  due  to  the  dominance  of  shock 
associated  noise. 

b)  As  jet  velocity  is  reduced  below  500  m/s  sources  other  than  of  jet  mixing 
noise  become  increasingly  important  in  the  rear  arc  until,  at  intermediate 
jet  velocities  (around  350  m/s),  the  peak  noise  characteristics  are  dominated 
by  non-convected  internal  noise.  In  this  regime  peak  noise  occurs  in  flight 
at  about  80  to  the  jet  axis  and  the  peak  noise  level  appears  to  be  only 
weakly  dependant  on  flight  speed.  The  field  shape  changes  in  the  rear  and 
forward  arcs  follow  trends  expected  from  consideration  of  Doppler  effects 
although  the  magnitude  of  the  changes  in  the  forward  arc  are  somewhat  less 
than  predicted, 

c)  Ultimately  at  very  low  jet  velocities  (<  200  m/s),  in  the  absence  of  turbo- 
machinery  noise,  the  aircraft  self -noise  becomes  tne  dominant  source.  In 
this  regime  the  peak  noise  angle  moves  into  the  forward  arc  and  the  noise 
level  increases  with  aircraft  forward  speed  like  (V)3.4, 

6.  REFERENCES 


1. 

Calmon  J. 

Hoch  R. 

Performance  and  Noise  Aspects  af  Supersonic  Transports. 
Inter-Noise  73.  Copenhagen  August  1973. 

2. 

Hawkins  R. 

Hoch  R. 

Studies  into  Concorde's  Engine  Noise  Emission  and  Reduction 
10th  Int.  Aero.  Congress  Paris  June  1971. 

3. 

Uevriese  J. 
i'oung  P.H. 

L' Olympus  sur  le  Concorde. 

Aeronautique  et  As tronautique  No.  37,  1972-5. 

4. 

Hoch  R. 

Dupvnchel  J.P, 
Cocking  B.J. 
Bryce  W.D, 

Etude  de  l'influcnce  de  la  masse  volumique  d'un  jet  sur 
son  emission  acoustique. 

ier  Symposium  Int.  sur  les  Proares  des  Keacteurs 
d 'Aviation  •  Marseille,  Juin  1972 

5. 

richer  M.J. 
Bourne  M.H, 

Lush  P.A. 

Shock  Associated  Noise. 

Paper  No.  73  ANA  1.  B.A.S.  Spring  Meeting  -  London 

April  1973. 

6. 

Voce  J.D, 

Simson  J. 

Some  Recent  Developments  in  the  Understanding  ot  Jet  Noise, 
8th  ICAS  Congress  -  Amsterdam  September  1972. 

7, 

Hoch  R,G, 
Julliand  M. 
Lacombe  H. 

Dispositifs  directs onnels  de  reduction  du  bruit  des  jets 
a  grande  vitesse. 

lor  Symposium  Int.  sur  las  Prcgres  des  Reacttiurs 
d'Aviation  -  Marseille,  Juin  1972, 

8. 

Swan  W.C, 

Siroeox  C.D. 

A  Status  Report  on  Jet  Noise  Suppression  i.s  seen  by  an 
Aircraft  Manufacturer, 

1st  International  Symposium  on  Air  Breathing  Engines 
-  Marseille,  June  1972. 

9. 

Davies  N.G. 
Kfowcs -Williams 

aerodynamic  Sound  Generation  in  a  Pipe. 

J.E.  Journal  Fluid  Mechanics  Vol .  3?  Pt.  5  (1968). 

10. 

Ffowcs -Williams 

J.E.  Transmission  of  ’.ow— Frequency  Jet  Pipe  Sound  through  a 

Noszle  Flow. 

Lecture  to  von  Kstck.n  Institute  of  Fluid  Dynamics. 
Series  36,  Turbulent  Jet  Flows  (1971), 


Ffowcs -Williams  J.E.  Report  of  the  ARC  Working  Party  on  Novel  Aerodynamic 
(Chairman)  et  al  Noise  Source  Mechanisms  at  Low  Jet  Speeds. 

Aeronautical  Research  Council,  Noise  Research  Committee 
Report  ARC  32923  May  1971. 

Crighton  D.G.  On  the  Scattering  of  Aerodynamic  Noise. 

Leppington  F.G,  Journal  of  Fluid  Mechanics  Vol.  46  Pt«  3  (1971). 

Ff owes -Williams  J.E.  Jet  Noise  from  Moving  Aircraft. 

AGARD  Conference  Proceedings  No.  42  (1969). 


Figure  23 


Figure  24 


Figure 


Figure  30 


Figure  31 


Figure  32 


Figure  35 


20-1 
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1.  SUMMARY 

With  the  aid  of  control  elements  one  can  generate  the  following  modes  of  vibration  of  a  2-dimensional  sonic 
jet: 

•  zero  mode 

•  oscillatory  mode,  natural  and  forced 

•  pulsatory  mode 

•  coupled  pulsatory-oscillatory  mode. 

We  have  found  strong  evidence  for  the  fact  that  the  eddy  does  not  play  the  role  in  the  feed  back  loop  given  in 
the  Powell  model. 

With  the  aid  of  externally  generated  pulses  one  can  show  for  example  how  the  information  -  near  the  nozzle 
tip  -  is  transferred  from  the  pulse  into  the  jet.  The  nozzle  tip  as  a  discontinuity  proves  to  be  a  dominant  factor  in 
the  interaction  process  of  the  pulse  with  the  boundary  layer  and  with  tho  jet. 

The  three  items  will  be  illustrated  with  a  film  and  a  video  recording. 


2.  INTRODUCTION 

One  of  our  Interests  in  the  study  of  the  self-maintained  vibrations  of  two-dimensional  underexpanded  sonic 
jet*  was  to  know  the  possible  modes  of  vibration  for  such  a  jet,  and  in  particular  to  find  the  fundamental  mode  - 
the  natural  vibration. 

We  were  able  to  produce  a  satisfactory  approach  to  tills  basic  mode.  Starting  with  this  mode  wo  could  produce, 
by  changing  only  the  acoustic  part  of  the  feedback  loop,  the  above  mentioned  mode*  of  vibration. 

That  means  that  the  natural  vibration  thus  produced  is  a  reasonable  starting  point  in  the  study  for  instance  of 
the  feedback  mechanism*  for  this  type  of  vibrations  as  well. 

Using  different  type*  of  control  elements  we  found  that: 

•  feedback  on  only  one  side  of  the  jet  is  suifscienf.  The  loop  can  be  interrupted  on  the  other  side. 

•  the  vortex  formed  in  the  bound  try  layer  ns  a  result  of  the  acoustic  puise-boursdery  layer  interaction  is  only 
one  remit  of  this  interaction  that  must  be  taken  into  account  in  tbs  study  of  feedback  mechanisms. 

•  without  a  vortex  there  is  still  pulse  production. 

»  the  Powell  feed  tick  loop  model  has  to  be  redesigned,  from  our  experiments;  some  suggestions  for  a  new 
model  can  be  given. 


The  study  of  feedback  mechanisms  oo  vibrating  jets  is  hampered  by  she  wry  complex  r.iturc  of  both  the  flow 
held  and  the  acoustic  field  and  moreover  in  the  case  of  reif-ssztouineti  vibrations  one  is  not  free  to  vary  for  instance 
the  amplitude,  rise  time  of  the  front,  the  angle  of  incidence,  etc.  of  the  pulses  independent  of  (a)  the  parameter*  of 
the  jet,  and  (b)  the  acoustic  conditions  of  the  cuter  pert  of  the  feedback  loop. 

So  we  tried  to  find  a  snore  suitable  arrangement  for  fnadameeu)  studies.  We  chore  the  stojk  poire  technique. 

That  means  or.e  uses  a  non-vibrating  jet,  which  as  a  matter  of  fact  does  sot  produce  discrete  pubes,  and  intro¬ 
duce*  externally  generated  pulses  to  order  to  study  the  pulse-boundary  layer  interaction  including  the  results  of  this 
interaction  oo  Use  jet. 


2.1  Experimental  rig 


The  nozzle,  the  air  supply  and  the  conditions  necessary  for  a  well  defined  stable  oscillation  and  the  requirements 
for  the  fotonic  registration  are  described  in  Reference  2.  The  pulses  were  produced  as  described  in  Reference  3.  As 
a  pulse  generator  we  used  a  Fischer  Nanolite  plus  a  parabolic  reflector.  The  pulses  were  sufficiently  flat  and  have  a 
diameter  of  about  10  cm.  The  rise  time  of  the  front  of  the  pulse  is  in  the  order  of  a  few  m  secs.  The  amplitude 
can  be  varied  between  0.003  atm  -  0.1  atm.  The  pulse  form  is  that  of  a  N  wave  (Fig.  13). 

The  angle  of  incidence  can  be  varied  from  —60°  to  +90°. 

2.2  Observation  and  registration  techniques 

We  used  the  shadow  technique  for  the  visualisation  of  the  flow  field  and  the  discrete  part  of  the  sound  field. 

As  a  light  source  a  Fischer  Nanolite  (Fr.Frhngel  Hamburg)  is  used. 

For  observation  and  registration  we  used  the  synchro-strobe  film  technique  in  the  study  of  the  modes  of  vibration. 

Strobe  IV  is  used  in  connection  with  the  single  pulse  technique. 

3.  EXPERIMENTS 

3.1  Modes  of  vibration 

Starting  with  the  natural  vibration  -  oscillatory  mode  (Fig.2)  the  non-vibrating  or  zero  mode  (Fig.  1 )  is  obtained 
if  one  fully  intersects  the  feedback  loop  at  both  sides. 

The  forced  vibration  -  oscillatory  mode  is  obtained  b>  introducing  two  reflectors  at  the  same  distance  from  the 
nozzle  (phase  shift  left  -  right  is  zero)  (Fig.3).  The  coupled  oscillatory  -  pulsatory  mode  is  obtained  by  using  two 
reflectors  with  a  phase  shift  left-right  of  90°  (Fig.4). 

The  phase  shift  between  successive  pulses  generated  at  the  right  and  the  left  side  of  the  jet  respectively  is  equal 
to  180°.  The  phase  shift  of  these  pulses  after  reflection  against  the  reflectors  is  equal  to  zero,  which  means  that 
these  pulses  introduce  the  pulsatory  mode  when  they  arrive  at  the  nozzle  tip. 

The  pulsatory  mode  is  produced  if  the  feedback  loop  is  partially  interrupted  (Fig.5). 

The  modes  mentioned  here  are  shown  in  the  fUtn.  Moreover  the  coupled  oscillatory-pulsatory  mode  is  shown 
in  an  animated  Giro  as  well  due  to  the  fact  that  a  stroboscopic  registration  does  not  offer  a  smooth  image  of  the 
process. 

3.2  Feedback  loop  model 

The  configurstionj  of  Figures  6.  7,  S  and  9  give  a  contribution  to  the  answer  on  the  question  whether  the 
vortex  that  is  formed  in  the  boundary  layer  due  to  the  interaction  of  an  acoustic  pulse  with  the  boundary  layer 
plays  a  ride  in  the  feedback  loop  u  indicated  by  Powell*  (Fig,  10). 

Our  answer  is  “no",  based  on  these  experiments  and  moreover  confirmed  by  the  single  external  pulse  technique- 

in  Figure  9  the  feedback  loop  on  the  right  side  is  fully  interrupted.  Still  there  is  pulse  production  on  both 
sides  of  the  jet  although  there  is  no  puisobouadsry  layer  in  terse  lion  at  the  right  side. 

If  (Fig. 7)  one  skims  off  the  vortex  there  is  still  pulse  production  or.  both  sides.  Similar  results  are  obtained 
with  the  configurations  of  Figures  8  and  9. 

Figure  1 1  (Ref-2)  shows  the  feedback  loops  in  the  natural  and  the  forced  care. 

Our  conclusion  w  u  then  that,  oocoenUAg  the  phase  throughout  the  loop,  the  Powell  model  is  a  per  sib  le 
salution. 

Figure  12  shows  our  point  of  view  in  1972  (G&ttiagenh  Then  we  knew  itut  feedback  at  one  side  u  sufficient 
for  a  steady  oscsttstton.  Only  the  outer  part  (acoustical  part)  of  the  feedback  loop  U  in  s&reeJnent  with  the  Powell 
model.  For  the  mechanisms  it  the  nozzle  tip  azd  fc»  (he  source  of  the  pulse  new  soft; twos  hsve  to  be  formulated. 

The  same  holds  for  the  inner  part  of  the  feedback  loop  between  bp  and  source  and  the  necessary  amplification. 


4UV 


3.3  Single*  puuK  £sdinkjii@ 

The  configuration  for  subsonic  (and  supersonic)  jets  is  shown  in  Figure  14,  and  that  for  sonic  jets  in  Figure  15. 
In  Figure  16  is  indicated  the  way  the  angle  of  incidence  a  of  the  pulse  is  varied  between  —60°  and  +90°.  The 
configurations  of  Figures  17  and  18  are  used  to  decide  whether  the  region  near  the  nozzle  tip  is  important  in  the 
interaction  process  or  whether  the  interaction  is  smeared  out  over  the  whole  length  of  the  boundary  layer. 

From  the  configuration  of  Figure  1 7  where  the  interdistance  between  the  nozzle  tip  and  the  pulse  reflector  is 
about  0.2  mm  it  proved  that  tiie  interaction  takes  place  directly  near  the  lip.  There  is  negligible  effect  observed 
downstream  of  this  region.  Moreover  in  the  case  of  no  flow  one  sees  that  the  lip  acts  as  an  acoustic  line  source. 

The  merits  of  the  external  pulse  technique  combined  with  strobe  TV  (strobe  film)  as  an  observation  and 
registration  technique  are  obvious  from  the  film.  One  can  quickly  obtain  a  survey  of  the  results  of  the  interaction 
pulse-boundary  layer  over  a  range  of  pressure  ratios,  pulse  amplitudes,  angles  of  incidence  and  obtain  an  insight  into 
the  history  of  the  transmitted  pulse,  the  multiple  reflections  of  the  pulse  inside  the  jet  against  the  two  boundary 
layers,  the  outgoing  pulse  on  the  other  side  of  the  jet,  the  deformation  of  the  ceils,  etc. 

One  can  also  use  pulses  at  both  sides  of  the  jet,  the  phase  shift  can  be  chosen.  The  amplitude,  the  rise  time 
of  the  front  of  the  pulse,  the  angle  of  incidence,  phase-shift  left-right,  etc.  can  be  varied  independently  of  the 
parameters  of  the  jet 

3.4  Results  obtained 

With  the  aid  of  control  elements  plus  the  natural  vibration  configuration  one  is  ~ble  to  produce  the  different 
modes  of  vibration  of  a  2 -dimensional  jet  These  modes  are  shown  in  the  Him  (16  min,  7  min.  duration). 

Moreover  some  insight  is  obtained  in  feedback  processes. 

The  configuration  in  6  is  also  shown  in  the  fiim. 

From  our  experiments  we  get  the  impression  that  oscillation  is  a  necessary  condition  for  the  generation  of 
pulses.  Feedback  is  necessary  for  the  steady  oscillations  of  the  jet.  The  onset  of  oscillation  is  Initiated  by  the 
puise -boundary  layer  interaction  at  tine  noi.sk  Up. 

One  pulse  is  sufficient  to  start  a  complete  osculation  with  pulse  production  on  both  sides. 

The  area  near  the  tip  of  the  nozzle  is  dominant  in  the  interaction  process.  It  seems  that  the  acoustical  lip 
effect  is  responsible  for  the  fact  that  the  interaction  is  not  confined  to  the  boundary  layer. 

The  processes  as  given  by  configurations  14,  15,  16,  17  and  IS  are  shown  by  means  of  a  video  recording 
(!6  minutes). 
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SUWtARY 

The  present  pape.  proposes  that  the  rate  of  subharmonlc  production,  that  Is,  the  rate  at  which  large 
scale  vortex-rlng  like  structures  Interact  with  each  other.  Is  the  primary  mechanism  responsible  for  moat 
of  the  noise  generation  of  a  subsonic  Jet.  The  Interaction  consists  of  simultaneous  acceleration  and 
deceleration  of  vortlclty  containing  coherently  moving  regions  followed  by  a  pairing  process.  This  picture 
Is  consistent  with  Llghthlll's  quadrupole  like  sources,  as  well  as  with  the  formulation  of  Rowell's  "vortex 
sound"  theory.  It  Is  suggested  that  more  direct  experiments  are  necessary  to  examine  the  validity  of  the 
above  proposition. 

1.  INTRODUCTION 

Search  for  a  better  understanding  of  the  nature  of  the  acoustic  sources  generated  by  turbulent  shear 
layars  has  been  one  of  the  principal  goals  of  aerodynamic  noise  research  for  the  past  twenty  years.  The 
main  stumbling  block  of  major  progress  can  be  attributed  to  an  insufficient  knowledge  concerning  the 
turbulont  flow  Itself.  In  recent  years,  on  the  basis  of  experimental  observations,  a  new  point  of  view 
Is  emerging  In  treating  the  ♦urbulence  problem.  The  present  paper  attempts  to  exploit  this  view  In 
examining  Its  relevance  to  ttrs  noise  producing  aspects  of  a  turbulent  flow.  First,  however,  a  brief  review 
of  some  of  the  more  fsportant  proposals  concerning  the  sources  pertinent  to  this  paper  will  be  given. 

After  mathematically  formulating  the  noise  problem,  Llghthlll  {Ref.  1)  U.s  spent  conslcurable  effort 
In  speculating  about  the  nature  of  the  nolsa  sources.  He  argued  that  regions  of  turbulence  that  move  more 
or  less  In  a  coherent  fashion  should  be  considered  as  a  measure  of  the  sourco  sire.  He  logically  chose 
the  Integral  length  scale  of  turbulence  as  the  quantity  characteristic  to  the  slss  of  these  regions.  This 
turned  cut  to  be  a  very  Judicious  choice:  on  the  basts  of  It  he  obtained  the  famous  U°  law.  a  result  well 
substantiated  by  experiments.  The  fact  that  the  Integral  scale  rcther  than  t  smaller  one  {micro  jcsle  or 
Kolnogoroff  scale)  Is  a  more  appropriate  choice  will  be  further  discussed  in  the  following  sections. 

In  addition  to  the  scaling,  llghthlll  provided  further  Insight  concerning  the  sources.  His  mathe¬ 
matical  formulation  of  the  problem  led  him  to  conclude  that  they  must  behave  as  accustfc  guaorupoles. 
Concept  Iona  I ly,  at  least  on  the  basis  of  our  knowledge  of  turbulence  at  the  tlma,  this  was  most  difficult 
to  comprehend.  It  meant  that  within  a  correlation  distance  very  specific  phase  relations  must  exist  In 
the  velocity  field,  relationships  that  have  not  been  observed.  Hopefully,  the  proposal  advanced  In  this 
paper  will  clarify  somewhat,  this  difficulty. 

Following  llghthlll *1  work  several  other  speculations  have  been  advanced  consuming  the  nature  of 
the  sources.  In  particular,  sows  ten  ysars  later  Powell  suggested  {Ref.  2)  that  aerodynmalc  oolso 
generation  may  be  explained  as  e  result  of  moving  vortices  or  vortlclty  In  the  flow  field  and  showed  that 
this  point  of  view  Is  consistent  with  Llghthlll' s  theory.  It  wl 1 1  b*  shown  that  Powell's  theory  of  vortex 
sound  adopts  Itself  quite  readily  to  recent  observations  end  -  at  least  In  the  view  of  the  authors  -  gives 
a  concept  I one I ly  clearer  physical  picture  of  the  sound  generation  process. 

The  Idea  of  orderly  structures  existing  In  turbulent  shear  layars  was  suggested  by  •  number  of 
experlssantal  workers  (Refs.  '1  and  k)  and  on  the  hosts  of  their  work  a  detailed  experimental  Investigation 
was  undertaken  by  Lnu.  Fisher  and  Fuchs  (Ref.  S).  As  a  result  of  tholr  measureaer.t ,  they  postulated  s 
model  of  tha  flow  field  consisting  of  "an  array  of  evenly  spaced  discrete  vortices  disposed  It,  the  mixing 
region,  sweeping  downstream  at  a  spaed  equal  to  about  0.6  of  the  Jet  afflux  velocity".  As  will  be  seen, 
thlj  model  predicts  ona  Important  fsetu r«;  th*  xlslenc#  of  e  *sore  or  less  coherent  vortex  notion  in  the 
elxfr.g  region.  Otherwise  It  It  an  ovarstspllf lea  nodal  since  It  does  not  contain  another  most  essential 
featura:  the  average  spicing  of  these  vortices  In  the  mixing  layer  must  Increase  1  Inaerly  with  x  ,  or 
equivalently,  the  frequency  of  fluctuations  associated  with  them  ewst  decrease  a»  l/x  .  In  fact,  their 
proposed  aodel  cannot  generate  sound  In  a  subsonic  jet. 

Finally,  the  work  of  Srxs*  and  Crsampacne  should  be  mentioned  (Aof.  6),  They  hsv*  very  convincingly 
demonstrated  the  existence  of  ques l-or-darly  structures  In  a  tuffcuvant  let  by  artificially  Introducing 
dlsturbancas  of  specified  frequency,  which  Interact  strongly  with  the**  structures  InfUxancIng  th*  early 
development  of  the  Jet,  While  their  Interpretation  differs  somewhat  free,  th*  one  described  subsequent ly 
In  this  paper,  the  consequence  of  their  findings  related  to  the  rvslse  general  icn  mechanism  Is  considered 
most  essential. 

fn  Section  3,  very  genera'-  arguments  are  reiterated  that  underline  the  important  role  the  large  seal* 
structures  -play  In  the  development  of  free  turbulent  shear  layers.  In  Section  3.  observations  are 
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described  Indicating  that  these  large  scale  structures  are,  In  fact,  randomly  occurring  quasl-orderly 
motions.  In  the  last  section,  conjectures  are  made  concerning  the  far  field  pressure  field  produced  by 

these  structures. 

2.  THE  ROLE  OF  THE  LARGE  SCALE  STRUCTURES 

In  the  study  of  free  turbulent  shear  flows  the  principle  of  the  Reynolds  similarity  proved  to  be  a 
useful  concept.  It  states  that  at  sufficiently  nigh  Reynolds  numbers  the  direct  action  of  viscosity  Is 
negligible  In  free  shear  layers  and  as  a  consequence,  the  mean  flow  development  Is  Independent  of  the 
Reynolds  number.  Indeed,  exparlmantal  evidence  Indicates  that  subsonic  circular  Jets  Issuing  Into  an 
ambient  volume  are  geometrically  similar:  the  whole  flow  field  scales  with  the  diameter  only.  (An 
exception  might  be  the  region  near  the  nozzle  exit  where  viscous  effects  could  change  the  effective  origin 
of  'chs  flow  field.)  This  simple,  but  powerful,  argument  together  with  the  notion  of  the  existence  of  a 
double  structure*  In  turbulence,  leads  to  another  Imcxirtant  conclusion.  Since  the  size  of  the  large  scale 
structures  scales  with  the  flow  geometry  (Independently  of  the  Reynolds  number),  the  flow  development  Is 
governed  by  the  dynamics  of  the  large  scale  structures.  There  Is  growing  experimental  evidence  to  support 
this  contention,  ar  described  In  the  next  section, 

3.  THE  GENERATION  ANO  NOTION  OK  THE  LARGE  SEALE  STRUCTURES 

3.'  --.nervations 

A  number  of  visual  observations  (Re'/s.  7-9)  have  been  made  In  the  past  describing  the  large  structures 
In  a  free  turbulent  shear  layer.  With  one  exception  (Ref.  8)  they  were  made  at  relatively  low  Reynolds 
nuisfoers,  primarily  because  few  visual  techniques  exist  that  can  be  applied  to  high  speed  flows.  Hot  wires 
on  the  other  hand  are  difficult  to  use  since  simultaneous  observations  at  many  points  are  necessary.  On 
the  basis  of  the  Reynolds  similarity  principle,  discussed  previously,  one  may  expect  that  the  behaviour  of 
the  large  structures  as  observed  at  low  Reynolds  number  will  not  be  significantly  different  at  high  speeds. 

Tlie  most  remarkable,  and  perhaps  surprising,  aspect  of  these  observations  Is  the  relatively  high  degree  of 
coherence  the  structures  exhibit  so  that  their  generation  and  development  In  time  can  be  described  In  a 
quesl-dotermlnistic  fashion.  It  should  be  emphasized,  however,  that  their  occurrence  at  a  given  point  In 

flow  Is  probabilistic. 

The  most  complete  observations  have  been  made  recently  by  Srowand  and  Wlnant  (Ref.  9)  In  a  two- 
dimensional  mixing  layer.  On  the  basis  of  other  supportive  evldance  one  may  apply  their  results  qualita¬ 
tively  to  the  mixing  layer  of  a  round  jet.  Accordingly,  the  following  four  flow  regimes  can  be  distinguished 
during  the  development  of  the  large  scale  structures  (Fig.  I  shows  schenat leal  1/  these  four  regimes;  for 
sf.gjllclty  a  two-dimensional  rather  than  an  ax  I  symmetric  view  Is  Indicated): 

1.  instab  1 I Ity :  the  shear  layer  produced  by  the  I  Ip  wake  and  the  nozzle  boundary  layer  Is  Intrinsically 
unstable  "(whether  turbulent  or  not)  and  develops  periodic  oscillations  (Fig,  la); 

2.  vortlclty  consentrat jn :  as  the  amplitude  of  the  oscillations  Increases  the  vortlclty  tends  to  be 
concentrated  In  separated  regions  (Fig.  lb); 

3.  formation  of  vort«x-rlnq-l Ike  structures:  the  concantrated  regions  of  vortlclty  clearly  display 
the  I  r  Ttng-Ti  fc«  Ttrueture  as  their  scales  approach  the  Jet  disnvtar  (Fig.  Ic); 

k,  vortex  Interaction:  neighboring  vortex-rings  Interact  with  each  other  In  the  following  ms  finer ; 
one  decelerates  and  the  other  accelerates,  until  the  two  pair  with  each  other,  doubling  th#  size 
of  the  vortlclty  concent  rat  la  i  region  end  doubling  the  spacing  between  adjacent  vortlclty  concen¬ 
tration.  The  rate  of  pairing  determines  the  spreading  rate  of  the  layer  and,  thus,  the  length  of 
the  potential  core.  Incidentally,  there  Is  some  evidence  thet  tha  pairing  process  continues  to 
occur  considerably  beyo-nd  the  potential  cora,  but  Its  detection  Is  Increasingly  difficult.  The 
pairing  process  Is  believed  to  be  the  ksyta  tha  understanding  of  the  turbulent  mixing  process 
and  (as  wltl  be  argued  subsequently)  to  the  noise  generation  as  well. 

3.2  The  Fairing  Process 

Th-s  axparfmsntyl  study  of  rhe  Isrga  scat*  structures  In  genaral ,  and  of  the  pairing  process  In  par¬ 
ticular,  Is  a  difficult  talk  especially  within  the  shear  layer.  This  Is  mainly  due  to  th*  fact  that  the 
eneryy  In  the  smell  seal*  setlon  at  high  Smyoolds  numbers  Is  larger  than  that  in  the  large  scales, 
consequently  the  transducer  signal  Is  dominated  by  the  small  scats  f loctssat Ions,  Conventional  filtering 
Is  considered  Inadequate;  only  sore  ec-dsrn  techniques,  such  os  the  conditional  sampling  or  VITA  (variable 
Interval  time  averaging)  -netted  has  a  possibility  cf  providing  the  required  I ?. fort*# t Ion,  This  technique 
Is  presently  being  adopted  for  our  jet  studies. 

Hcwjver,  some  Indirect  swasureaents  are  available  From  which  certain  Information  can  ba  obtained. 

It  Is  known  that  the  flew  ffold  just  outside  of  tha  turbulent  sheer  layer  Is  Induced  by  the  I trpt  seals 
motion,  w  I V-  In  the  Sheer  lays:.  Thorofor*.  examination  of  this  near  field  should  shad  soma  light  on  the 
problem. 

Throe  prjjsur*  transducers  were  placed  Juit  outside  of  t-h«  shear  layer  o?  e  t”  Jet  at  statlcsis  x  -  3.10. 
ks,  and  k.SO.  The  Jet  velocity  was  approximately  ) 00m/ sec.  A  saepl*  c-f  tha  Instantaneous  signals  are 


£y  double  structure  one  refara  here  to  Tov-racnd's  suggestion  that  et  sufficiently  large  Reynolds  number 
the  flew  field  consist*  of  e  larjs  scale  motion,  Its  scat*  being  of  the  order  of  th*  shear  layer  thick¬ 
ness  e.nd  a  fin*  scale,  motion  the  "gratuities*"  of  which  I*  cave m*b  by  the  dissipation  res*  and  Is  strongly 
Say  tw  Ids  -umber  dependent. 

f 

This  exp*,- Imsvt  was  carried  out  by  Hr.  ft.  Petersen,  a  graduate  student  at  U5£. 
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she™?*  !r.  rig.  2.  The  slope  of  the  deshed  lines  connecting  corresponding  peeks  Is  a  measure  of  the  convec¬ 
tion  velocity  (analogous  to  the  phase  speed  of  amplitude  crests).  The  most  Interesting  aspect  of  these 
traces  Is  the  feet  that  the  number  of  peaks  exhibited  by  tho  upper  trace  (upstream  gage)  Is  higher  than 
that  of  the  bottom  trace.  If  o«  Interprets  the  signals  as  the  pressure  field  Induced  by  a  convected  row 
of  ring  vortex-like  structures,  the  disappearing  peaks, as  Indicated  by  the  arrows,  are  attributed  to  the 
pa  I  ring  process.  It  Is  also  tr  be  noted  that  from  the  position  of  the  corresponding  arrows  one  estimates 
a  convection  velocity  that  decreases  with  x  ;  this  suggests  that  the  structure  decelerates  before  pairing 
(dtsaneearing  peak)  takes  place.  The  average  distance  between  neighboring  structures,  s  ,  can  be 
estimated  roughly  from  the  average  period  between  peaks  and  from  the  convection  velocity. 

Actually  a  more  quantitative  value  of  s  can  be  obtained  frtsr  two-point  space-time  or  spatial 
correlation  measurements.  In  Fig.  3  values  of  s/0  versus  x/D  are  plotted.  The  values  of  s  were 
aatlasaied  from  a  number  of  experiments  (Refs.  5,  10  and  II)  and  are  plotted  In  Fig.  3,  together  with 
Petersen's  data.  As  expected,  s  varies  linearly  with  x  Independently  of  the  Jet  Reynolds  number.  It 
should  be  pointed  out  that  s  Is  not  to  be  Interpreted  as  tha  size  of  the  large  scale  structures  or  a 
measure  of  "the  compactness  of  the  sources"  as  concluded  by  Fuchs  (Rsf.  II).  The  site  Is  more  likely  of 
the  order  of  the  shear  lay #r  thickness  and  Is,  therefore,  at  least  2.5  times  smaller  than  s  . 

The  visual  observations  of  Seeker  and  Kassaro  (Ref.  ?)  give  further  evidence  of  the  pairing  process 
In  a  Jet.  They  artlflcelly  disturbed  a  low  Reynolds  number  Jet  by  a  sound  field  of  known  frequency. 

Shear  layer  oscillations,  vortex  ring  formation  and  pairing  are  clearly  evident  In  their  photographs. 

It  should  be  noted  at  this  point  that  the  fundamentally  non-1 Inear  process  Is  Incapable  of  being 
represented  by  a  dispersive  wave  system.  Although  space-time  correlations  (both  filtered  and  unflltersd) 
permit  the  assignment  of  local  frequences  and  wave  numbers  to  this  phenomenon,  this  form  of  description 
Is  not  at  *11  useful,  for  the  following  reasons,  A  fu.-.dneente)  precept  In  the  theory  of  dispersive  waves 
Is  the  prlnclpia  of  "conservation  of  crests"  (Ref.  1b),  *t  Is  clear  from  Figure  2  that  "crests"  are  lost, 
causing  the  chan.  In  apparent  "wave  langth".  Hence,  the  new  "wave  length"  some  distance  downstream  Is 
not  due  to  the  change  of  java  number  and  frequency  slowly  In  space  eixi  time,  but  to  an  actual  merging  of 
two  local  staxlm.-  From  this  wa  conclude  that  the  concept  of  "phase  speed"  Is  not  helpful  since  phase 
reference  Is  lost. 

3 . 3  Artificial  Excitation 

A  most  effective  and  productive  means  of  studying  .he  motion  of  the  large  scale  structures  was  made 
by  Crow  and  Chasmagne  (Ref.  6).  They  found  that  by  Introducing  sound  disturbances  of  certain  fri'quervcy, 
they  Interact  with  the  naturally  proMnt  large  structures.  Specifically,  they  observed  that  the  disturbance 
amplitudes  Increase  with  x  and  raach  a  max '  run  at  a  certain  x  depending  on  the  frequency.  For  Instance, 
the  frequency  that  was  amplified  over  the  largest  distance  corresponded  to  a  Strcuhal  number  of  approxi¬ 
mately  .3  and  s  wave  langth  of  2.4o  and  the  ampHtide  of  the  dlstu.  banco  peaked  at  x  *  3.80.  Us  ing  a 
nigher  frequency,  the  peak  occurred  closer  to  the  Jet  exit.  Plotting  the  measured  wave  lengths  of  those 
disturbances  ageinst  the  x  position  where  the  peak  was  msatured  on*  finds  that  J\  sxhlblts  the  same  x 
dependence  as  s  (Fig.  3).  This  -last  Interesting  result  may  be  Interpreted  as  follows:  as  the  Jet  Is 
being  disturbed  by  a  perturbation,  a  "resonance"  occurs  at  c  x  station  where  the  disturbance  wave  length 
and  the  averege  separation  distance  between  .he  naturally  present  vor'ux-’.  Iks  structures  happen  to  coincide. 
The  reason  that  Crew  and  Champagne  finds  no  resonance  for  fnaquencle-,  less  then  ,3Uj/D  Is  because, 
according  to  our  picture,  the  rasp  nance  would  have  to  occur  beyond  ch*  potential  c*one  where  the  large 
structures  lack  the  coherence  nacossery  for  tie  artificial  and  natural  disturbances  to  "lock  In". 

It  Is  quit®  clear  that  considerably  more  work  Is  oacestery  to  clarify  the  notion  of  the  largo  struc¬ 
tures.  nevertheless,  It  Is  fait  that  sufficient  supposing  avldar.ee  Is  available  pointing  to  th*lr 
ex I  stance ,  to  warrant  additional  work  and  to  speculate  about  their  effect  In  the  far  field. 

b.  CH  THE  FAR  FIEkO  *0l$E  KKtSATICK 

Following  the  previous  dtscutslon.  It  Is  quite  natyr; I  to  Inquire  to  what  extent.  If  any,  are  the 
generation  srtd  Interaction  of  tha  vortex  rleg  like  structures  responsible  for  the  far  field  noise  A 
direct  experimental  axes I net  Ion  of  this  question  presents  *  most  difficult  pnahlw*.  Tha  difficulty  ‘let 
In  the  fact  that  the  nalsa  at  a  given  ooint  In  the  fai  field  Is  tlss  result  of  an  Integreted  effect  occurring 
within  a  certain  volume,  it  would,  therefore,  ba  desirable  to  measure  a  Judiciously  chosen  quantity 
spatially  averaged  over  a  volume  or  ov*r  a  sur  ace  ami  relate  It  to  the  far  flsld  noite.  Point  «**sure - 
merits,  soch  as  v  two-eotnt  space-time  correlation  of  tha  near  and  far  field  pressure,  and/or  velocity 
fluctuations  are  not  likely  to  ba  he'pful.  although  they  have  been  triad  In  the  past  (Ref.  111. 

lacking  direct  experlwantal  support  one  is  obliged  at  this  stage  to  present  only  Indirect  evldemie 
end  qualitative  arguments  to  support  our  suggestion,  netttly,  that  the  dynamics  of  the  large  seals  structures 
plays  essential  rolo  In  tha  gene  ret  >  t.  of  tcbtonlc  jet  noise. 

First  of  *11  _  recent  measurements  (Ref.  1 J)  of  the  noise  generated  by  the  various  regions  of  th*  jet 
sltujtec  along  Its  axis  clearly  shew  that  the  .scat  Intents  ixalse  production  occurs  In  the  early  stages  of 
the  jet  4svsiQp*enf,  exactly  In  the  regions  irfvar®  the  large  sc.il*  structures  exhibit  strcog  coherence. 

Secondly,  there  Is  evidence  that  the  norma!  Ite-i  overall  noise  power  soect.ua  scales  with  tire  jat 
diameter.  This  result  can,  ue  attributes  to  the  fact  that  the  volurs  containing  the  "equivalent  acoustic 
sources"  Is  generated  by  the  large  sc*. a  structure,  end  this  volieee  seals*  with  a  single  length  parameter, 
t  .a  <s!«*mmr.  Incident#*  5y,  tM*  result  Is  quits  remarkable  In  cfi.nt.-ast  to  the  well  known  fact  that  ryo 
single  characteristic  length  can  seel*  the  energy  s  pact  rue  within  the  th**»  t*y#r. 

*s  Indicated  earlier  these  ar-guw-.nts  are  q.oeUtgT  Iva  end  Indirect.  Thar®  however,  another 
Inference  that  orw  draw  fros  the  ofta-ved  Interaction  of  the  lsr^e  scale  mst.or.  {-sat  Is  mss;  l-n!«r- 

estlng,  although  Stli!  speculative  at  this  sue*.  In  the  prevlou;  section  th  pair  ing  process  wss  described 
as  the  result  of  e  simultaneous  deceleration  awe  acceleration  of  two  ne I ghoor ! ^g  vtsrux-rlog  like  structures 
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Their  motion  produces  a  zero  net  change  of  momentum;  they  each  behave  as  a  dipole  with  a  combined 
Instantaneous  strength  equal  to  zero.  However,  In  the  far  field  they  degenerate  Into  a  quadrupole.  Thus, 
according  to  this  picture,  the  rate  of  subharmonic  production,  that  Is,  the  rate  of  the  pairing  process  Is 
capable  of  producing  a  quadrupole  type  of  sound  field. 

This  description  fits  very  well  Into  the  framework  of  Powell's  "vortex  sound"  theory  (Ref,  2).  He 
has  approximated  Llghthlll's  source  expression  and  has  written  It  In  terms  of  the  vortlclty.  According 
to  Powell  the  source  terra  In  the  shear  layer  has  the  form:  J((  t>xu)xO]/  3t  ;  It  Is  the  vortlclty  Inter¬ 
action  term  arising  from  the  acceleration  and  deceleration  of  vortlclty.  The  far  field  noise  at  a  given 

point  will  depend  on  the  rate  of  change  of  the  component  of  this  vector  directed  toward  the  point  of 
observation. 

Whether  or  not  this  formulation  Is  more  helpful  for  an  experimental  verification  of  the  proposed 
picture  remains  to  be  seen.  Nevertheless,  It  Is  an  Interesting,  new  point  of  view  that  Is  worthwhile  to 
examine. 
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c }  vortex  structures 
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Figure  I 


Schematic  Diagram  Showing  Vortex  Development  and  Pairing, 


DISCUSSION 


Professor  Michalko:  On  pages  21  —3  it  is  stated  that  the  non-linear  process  of  vortex  pairing  is  incapable  of  being 
represented  by  a  dispersive  wave  system.  This  statement  seems  to  be  misleading,  since  it  has  been  shown  theoretically 
by  R.E.Kelly  (1967)  that  the  appearance  of  a  subharmonic  fluctuation  component  can  be  explained  by  means  of 
the  non-linear  interaction  of  waves.  Therefore  I  think  that,  at  least  as  an  ensemble  average,  the  pairing  process  of 
the  vortices  can  be  analyzed  by  waves.  However,  during  the  pairing  process  the  content  of  the  fundamental 
frequency  component  should  decrease  in  downstream  direction,  while  the  content  of  the  subharmonic  component 
should  increase,  as  it  is  suggested  from  your  Figure  2.  Do  you  agree  that  this  phenomenon  can  be  measured  using 
narrow-band  filters?  The  measurements  of  Crow  and  Champagne  (1971)  (cf.  Figure  14)  have  at  least  shown  a 
strong  decay  of  the  fundamental  frequency  component  downstream  of  its  peak  within  one  wave  length. 

Kelly,  R.E.  J.Fluid  Mech.  27,  657-89,  (1967). 

Crow,  S.C.  J.Fluid  Mech.  48,  pp.547-91,  (1971). 

Champagne,  F.H. 


Professor  Laufer: 

1.  R.E.Kelly  (1967)  analyzed  the  problem  of  growth  of  subharmonic  fluctuations  due  to  non-linear  wave  inter¬ 
action  by  assuming  the  presence  of  a  first  order  perturbation  in  the  time  domain  and  identifying  that  it  supports 
a  secular  growth  of  subharmonic  fluctuations  (by  appealing  to  the  Mathieu  equation)  for  a  sufficiently  large 
amplitude  of  the  fundamental.  Kelly  did  not  discuss  the  disappearance  of  the  fundamental,  for  that  is  clearly 
inconsistent  with  the  notion  of  a  weakly  non-linear  stability  theory.  In  addition,  Kelly’s  problem  involved  a 
purely  temporal  amplification  phenomena,  and  it  has  not  been  demonstrated  (for  non-linear  waves)  that  the 
relationship  between  temporal  and  spatial  amplification  is  as  straight-forward  as  shown  by  Gaster  (1962). 

2.  We  agree  that  the  phenomenon  can  measured  with  narrow  band  filters,  but  that  measurement  would  yield 
limited  information.  There  is  a  *•*  strong  phase  coherence  of  the  generated  paired  vortices  (subharmonic 
in  wavt:  terminology)  following  a  Luiiangian  path.  Since  these  passages  dominate  the  fluctuation  amplitudes, 
they  would  cause  a  filter  to  ring  for  a  time  inversely  proportional  to  its  bandwidth,  and,  hence,  be  phase 
related  to  the  subsequent  passage  of  the  vortex  at  a  downstream  station.  If  two  stations  are  separated  by  Ax  , 
this  characteristic  passage  time  is  Ax/Uc  .  Hence,  wide  band  filters  of  bandwidth  B  >  Uc/Ax  would  be 
appropriate,  i.e.,  BAx/Uc  7- 1  ,  as  has  been  required  by  years  in  turbulence  research. 

3.  It  is  obvious  that  we  interpret  the  measurements  of  Crow  and  Champagne  (1971)  in  an  entirely  different 
manner.  What  they  observed  was  not  the  decay  of  the  fundamental  but  the  probability  density  of  the  time 
between  vortex  passages  at  a  fixed  x  station. 


Dr  Fuchs:  Overall  and  narrowband  space  correlations  in  References  5  and  1 1  seem  to  have  described  certain  aspects 
of  the  quari-determ'nistic  turbulence  model  proposed  in  this  paper.  The  energy  of  the,  large-scale  ring  vortex 
structure  and  not  that  of  small-scale  fluctuations  wes  found  to  dominate  pressure  transducer  signals.  Would  the 
authors,  please,  elaborate  op  their  statement  on  pp.21-2  that  conventional  filtering  is  inadequate  and  that  only 
conditions1  sampling  has  a  possibility  of  providing  the  required  information  on  the  formation  of  mutual  interaction 
of  the  vortex  structures? 


Profoeo r  Laufer.  Part  of  o>^  response  is  covered  in  (2)  of  my  reply  to  Prof.  Michalke.  To  elaborate  further,  let 
us  first  emphasize  thst  we  view  a  spatially  compact  structure  as  the  predominant  feature  of  the  turbulence.  (This 
is  in  essential  agreement  with  Lighthill’s  original  postulate  of  the  structure  of  the  acoustic  sources,  and  with  the 
experience  of  the  pest  20  years  of  jet  noire.)  Tills  “spatially  compact”  structure,  hence,  generates  a  broad  spectrum 
{cither  in  space  or  space-time)  with  phase  coherence  among  various  components  in  the  transform  domain.  By 
ignoring  these  phase  relationships  between  bands,  one  would  infer  from  measurements  of  a  fixed  band,  that  the 
structures  are  not  compact,  as  Fuchs  has  in  1972.  In  particular,  the  measurements  we  have  made  at  USC  with  the 
directional  microphone  system  (1973)  and  at  D.V.L.  Grosche  (1973)  both  strongly  suggest  that  by  summing  the 
fr  faulty  of  radiation  from  different  "slices”  of  the  jet,  one  can  recover  the  total  radiated  sound  field  at  a  point  in 
the  far  field,  which  is  not  the  care  if  the  structures  are  not  compact. 


ERRATA  TO  PAPER  22 


p.  22-2, 

p.  22-3, 

p.  22-4, 
p.  22-7, 

p.  22-8, 

p.  22-9, 


p.  22-11, 

p.  22-12, 
p.  22-17, 


Section  1.2,  i,  3rd  line:  Tollmien  instead  of  Tollmein 

3rd  line:  Toilmiem  instead  of  Tollmein 

Section  1.3,  2nd  paragraph,  line  5:  Tollmien  instead  of  Tollmein 

Section  2.2,  10th  line  from  bottom:  Tollmien  instead  of  Tollmein 

Section  3.3,  lines  3,  18  and  22:  Tollmien  instead  of  Tollmein 

6th  line  from  bottom:  identifiable  instead  of  identificabie 

Eq.  10:  (%-Xq)  »  Hs  Ue(rB )mKi  instead  of 

1  Uc  /UA 

(Xai- x<>)  =  ^  Uq  \l)  ^max 

Section  5,  line  13:  Tollmien  instead  of  Tollmein 

Section  5,  3rd  line  from  bottom:  increases  instead  of  increase 

Reference  30:  November  1973  instead  of  May  1973 

Figure  31 :  Block  No.  5  instead  of  Block  No.  2;  Data  points  for  Run 
No.  272  are  plotted  incorrectly  (s-je  Table  III,  cont.  p.22-12). 
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SUMfABY 

The  propertiea  of  the  intsmittant  wall  preaaure  field  have  been  aeaoured  in  the  tranaition 
boundary  layer  on  a  large  flat  plate  in  an  auachoic  wind  tunnel.  Natural  tranaition  waa  achieved  with  a 
mild  favorable  preaaure  gradient  at  Reynold*  numbers,  based  on  downstream  distance  from  th*  plate's  lead¬ 
ing  edge,  in  excess  of  7  x  1Q6.  Tbs  development  of  the  laminar  boundary  layer  prior  to  tranaition  waa  In 
agreement  with  numerical  solution]  to  the  laminar  boundary  layer  equation!  and  with  stability  criteria 
for  pressure  gradient  affects. 

The  temporal,  spatial,  and  apcctral  properties  of  the  transition  wall  preaaure  field  associ¬ 
ated  with  the  natural  transition  process  occurring  on  the  plate  are  obtained  as  function  of  the  lnter- 
mittency  factor,  y,  and  compared  with  those  of  Cha  fully  turbulent  pressure  field.  Specifically,  the 
mean-square  pressure,  spectral  densities,  convection  velocities,  distributions  of  buret  periods  and  buret 
rates  of  the  intermittent  pressure  field  are  computed  from  the  data. 


NOTATIONS 


P-P» 


C  -  pressure  coefficient  ■  — ~ 

p  K 

d  -  plate  thickness  length  paraaatar 
dB  -  decibel 
f  -  frequency  in  Herts 
f  -  number  of  bursts  per  second 
n  -  Shape  factor  ■ 

0  dU^ 

m  -  velocity  gradient  parameter  ~ 

n  -  number  of  buret*  of  period  T^* 

N  -  total  number  bursts  occurring  in  sample  time  T 
P  -  static  pressure  on  plata  surface 
p(t)  -  instantaneous  value  of  the  pressure  field 
p„  -  static  reference  pressure  at  x  »  8  ft 


■W 

-  2 

4  a 


♦(f)  df 


P  -  saan  aquare  praa«rr« 

-  root-mean  square  pressure 
U  x 

R  ,R  -  Reynolds  nuabar  ■  e 
*  x  V 

T  -  Sample  time  in  seconds 
t  -  time 

t{  -  increment  of  averaging  time,  T,  during  which 
pn4at  in  boundary  layer  is  turbulent 
U(y),U,u  -  mean  velocity  at  normal  distance,  y, 
from  plate  surface 

u',v' ,w'  -  fluctuating  velocity  component*  in  x,y,s 
directions 

UQ  -  freest ream  reference  velocity  it  *  •  8  ft 

U#(x)  -  potential  flow  velocity  at  the  edge  of  the 
boundcry  layer  at  distance  x  from  plate's 
leading  adge 

U^  -  atrsaawios  velocity  of  leading  adge  of  burst 

U^  -  stroaswiee  velocity  of  trailing  edge  of  burst 

Um  -  freostreaa  flow  velocity  upstream  of  plate 
v  -  volts 

x  -  streamwlse  distance  from  the  plate's  leading 
edge 

y  -  normal  distance  from  plate  surface 
*  -  coordinate  plate  surface  transverse  to  flow 
d  -  streanrise  Reynold*  nuabar  variation  in  Intermit 
tent  boundary  leyer  region  »  \..99"V>.01 

6 


J  vx 


y  -  intermlttency  factor  •  I»1  1 

T 

A  -  maximum  variation  of  power  spectral  density 
results  in  dB 

6  -  boundary  layer  thickness  •  y  it  which  U(y)-0.99Ue 

At  -  transit  tlmss  of  burst  between  presaurs 
transducers 

Ax  -  straamwlse  separation  distances  between  trans¬ 
ducers 

As  -  transverse  separation  distance  between  trans¬ 
ducers 

Atg  -  time  interval  used  for  tabulating  burst  periods 
TB 

6*  -  bgundary  layer  displacement  thickness  “ 

|  [1-  ^  dy 

n  -  dimsnsionleas  length  parameter 
6  -  bgundary  layer  momentum  thickness  « 

I  ^  ^  dy*  also  “«*d  os  angle  de¬ 
le  e  ue 

noting  burst  shape  (oee  Fig.  20) 
a  -  maximum  growth  angle  of  burst  (see  Fig.  20) 

D  -  air  viscosity  , 

yPa  -  micro-pascal  ■  10-6 - — j 

aster 

v  -  kinematic  vircosity  of  air  -  ji 

r 

K  -  normalised  Reynolds  number  »  5 

B  ~ 

p  -  air  density 

tb  -  buret  period  in  seconds 

Tg  -  average  burst  period 

24(f)  -  measured  petnr  spectral  density  of  the  wall 
pressure  field 

P  -  point  on  plate  surface  in  tranaition  region 
Po  -  point  of  burst  origin 

L*  -  longitudinal  length  of  burst 

1?*  -  average  buret  length 

■g  -  buret  source  density  function 


*?liysiclat 
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SUBSCRIPTS 

turb  -  fully  davcl  oped  turbulent  boundary  layer 
laa  -  1  ulnar  boundery  layer 
c  -  critical  value 

t  -  tram  it  ion  value  or  value  at  trailing  edge  of 
burats 

L  -  value  at  leading  edge  of  burst 
e.t.  -  and  of  transition 
e  -  edge  of  boundary  layer 

B  -  streaavise  reference  position  at  x  “  8  ft,  also 
denotes  burst  properties 
axp  -  experimental 
cal  -  calculated  by  coaputer 


®  -  undisturbed  streu  upstream  of  plate 
x  -  based  on  streamviae  distance  x 
6*  -  baaed  on  boundary  layer  displacement  thickness 
6  -  based  on  boundary  layer  momentum  thickness 
y  -  value  of  parameter  at  measured  or  designated 
value  of  y 

i  -  summation  index  over  N  hursts 
o  -  spatial  origin 
m  -  measurement  position 
max  -  maximum  value 


1.  INTRODUCTION 

Thia  paper  presents  the  results  of  an  experimental  study  of  the  features  of  the  in  t  emit  tent 
vail  presaure  field  aaaociated  vith  a  natural  transition  boundary  layer  on  a  large  flat  plate  in  a  mild 
accelerated  flew.  Since  the  properties  of  the  intermittent  vail  pressure  field  are  inherently  associated 
vith  the  transition  flow  field,  a  brief  review  of  acme  of  the  known  features  of  the  transition  process 
along  with  the  objectives  of  the  present  investigation  will  first  be  presented. 

1.1  Background  on  the  Problem 

The  process  of  uatural  transition  from  laminar  to  turbulent  flow  on  a  flat  plate  has  been  the 
subject  of  Intense  research  for  many  years,  the  most  comprehensive  being  the  systematic  investigations 
performed  et  the  National  Bureau  of  Standards  [1,2,3].  Recent  studies  have  been  pursued  to  include  the 
effects  of  e  largo  number  of  factors  such  as  pressure  gradient,  surfsce  roughness,  freestream  turbulence 
level  and  acoustic  noise  [4-7].  These  studies  have  indicated  that  the  various  factors  exhibit  inter- 
depandences  between  each  other.  Consequently,  a  complete  study  of  the  transition  process,  as  it  would 
occur  in  an  operational  environment,  would  be  very  difficult.  Indeed,  progress  has  been  achieved  only  by 
isolating  these  controlling  factors  and  investigating  their  effects,  both  theoretically  and  experimentally, 
for  the  moat  elementary  laminar  boundary  layers  under  controlled  environmental  conditions.  In  this  man¬ 
ner,  a  fairly  clear  conceptual  model  of  the  transition  process  has  begun  to  evolve  from  the  investigations. 

1.2  Conceptual  Model  of  Transition  Process 

The  laminar  flow  under  investigation  is  that  developed  along  a  smooth,  thin  flat  plate  which 
is  parallel  to  e  low  turbulence  upstream  flow.  For  the  case  of  a  zero  pressure  gradient  external  to  the 
boundary  layer  region,  a  "Blasiua"  laminar  boundary  layer  develops*  downstream  from  the  plate's  leading 
edge.  Vith  increasing  downstream  distance  from  the  leading  edge,  the  transition  region  is  reached  where 
the  mean  boundary  layer  flow  features  (characterised  by  the  boundary  layer  properties  of  6,  6*,  and  8) 
undergo  progressive  modification  from  those  of  the  theoretical  laminar  flow  results,  eventually  repre¬ 
senting  those  features  for  a  fully  developed  turbulent  flow  [8,9,10].  Typical  ratios  of  the  fully  devel¬ 
oped  turbulent  and  laminar  moan  flow  proper ties  are 

!turb  w  3,9t  ItHU  B  i,4i(  tod  W  «  2.84. 

laa  lam 

If,  on  the  other  hand,  the  instantaneous  flow  features  of  the  boundary  layer  velocity  field 
era  monitored  vith  e  hot  wire  anemometer  (or  Laser  Doppler  Velociaater),  then  as  the  monitor  Is  moved 
downstream,  thret  stages  of  a  "natural  transition"  process  can  bo  observed: 

i)  A  critical  Reynolds  number,  R  «■  Umx  ,  is  reached  where  amplification  of  small  disturb- 

<“v* 

c 

ances,  naturally  present  in  the  stream,  generates  detectable  two-dimensional  oscillations 
characterized  by  tha  periodic  Tolloain-Schlichting  (T-S)  waves  which  are  predicted  by 
the  linearized  theory  of  laminar  instability  [7,11].  Vith  further  increase  of  Reynolds 
nuaher  these  oscillations  grow  in  amplitude  into  a  three-dimensional  non-linear  regime. 

il)  Tha  termination  of  the  non-linear  development  is  indicated  by  tha  formation  of  intermit¬ 
tent  "burets"  or  "spots"  of  local  turbulence  vhlch  propagate  downstream  with  the  flow. 
This  portion  of  the  boundary  layer  consists  of  an  Irregular  sequence  of  lemlnar  and 
turbulent  regions,  Tha  Reynolds  nuaher  et  which  this  breakdown  occurs  is  commonly 
termed  tha  transit  ton  Reynolds  wisher,  R  . 

lii)  Tha  bursts  grow  In  size  and  spread  into  the  neighboring  laminar  flow  until  the  boundary 
layer  Is  fully  turbulent,  Thu  Rayuolds  number  et  which  the  boundary  layer  becomes  fully 
turbulent  is  known  as  the  end  of  transition  Reynolds  number,  R  . 

The  three  stages  of  the  transition  process  ere  shown  schematically  lii'Figure  1. 

Schufceuer  and  Skrameted  [1]  established  that  in  a  zero  pressure  gradient  environment,  the 
bounds  of  the  transition  stages  are,  for  a  turbulence  intensity  <0.11,  given  by 

R  «  .595  x  105 
Rt»  2.8  x  IQ6 
S  $3.9  x  106. 

Furthermore,  they  were  able  to  characterise  many  of  the  spatial  and  temporal  features  of  the  turbulent 
bursts  in  the  transition  stage  utilising  an  electric  spark  technique. 


22-3 


If  a  pressure  gradient  exists  along  the  plate,  it  is  found  to  have  a  strong  effect  on  the  on¬ 
set  of  the  above  three  stages  of  the  transition  process.  The  effects  of  a  strong  tavorable  pressure  gra¬ 
dient  haw*  been  found  to  stabilize  or  delay  the  growth  of  the  Tollmein-Schl ichting  waves  and  therefore 
increase  the  values  of  R  ,  whereas  an  unfavorable  or  adverse  pressure  gradient  have  been  found  to  amplify 
the  laminar  boundary  laylr  oscillations,  thereby  decreasing  the  values  of  R  ,  causing  transition  to  occur 
earlier .  c 

Several  reviews  of  the  above  outlined  mean  and  Instantaneous  physical  features  of  transition 
theory  and  of  stability  theory  can  be  found  in  the  literature  [11,12]. 

1.3  Hydroacoustic  Aspects  of  Xransitlon  Process 

Whereas  past  studies  of  the  transition  process  have  concentrated  primarily  on  understanding 
the  mean  and  fluctuating  velocity  fields  in  the  light  of  theoretical  considerations,  recently  the  hydro¬ 
acoustic  aspect  of  the  transition  phenomenon  has  been  of  interest.  The  unsteady  flow  in  the  boundary 
layer  region  near  the  surface  of  a  structure  causes  pressure  fluctuations  [13]  which,  when  coupled  dynam¬ 
ically  to  the  structure,  can  result  in  high  structural  and  fluid  borne  noise  levels,  such  as  those 
experienced  inside  aircraft  or  In  sonar  systems  of  naval  vessels  [14-16].  Heretofore,  the  hydroacoustic 
aspects  of  boundary  layers  have  been  modelled  solely  from  experiments  with  fully  developed  turbulent 
boundary  layers  [17]  which  were  conducted  in  wind  tunnela  and  other  flew  facilities.  Now,  however,  due 
to  design  and  manufacturing  improvements  of  modem  aerodynamic  and  hydrodynamic  vehicles,  the  flow  noise 
associated  with  the  laminar-turbulent  transition  region  is  of  particular  importance  since  this  region  on 
tbe  nose  of  the  structure  can  be  a  significant  portion  of  the  surface. 

The  experimental  study  of  the  pressure  field  in  the  transition  region  has  been  restricted  in 
the  past  by  the  high  levels  of  incident  turbulence  intensity  associated  with  experimental  flow  facilities 
The  high  noise  levels  tend  to  mask  out  the  fluctuating  pressures  associated  with  the  transition  and  pre¬ 
vent  the  boundary  layer  from  developing  on  the  model  surface  in  a  "natural  manner"  [18].  "Natural 
transition"  is  defined  as  the  transition  resulting  from  Tollmein-Schlichting  oscillations  naturally  pre¬ 
sent  in  the  laminar  boundary  layer  and  not  resulting  from  the  presence  of  extraneous  controlling  factors 
such  as,  for  example,  protuberances,  excessive  surface  roughness,  or  freastream  turbulence  level. 

The  first  known  attempts  to  measure  the  quantitative  features  of  tha  transition  wall  pressure 
field  were  made  by  Blackman  [19]  at  tha  University  of  Southampton  vho  conducted  measurements  of  the 
transition  wall  pressure  field  on  a  small  flat  plate  in  an  open  jet  wind  tunnel.  In  this  study,  he  was 
unable  to  obtain  "natural  transition"  due  to  limitations  imposed  by  the  capabilities  of  the  wind  tunnel 
and  the  small  physical  size  of  the  plate.  The  origin  of  the  burst  generation  mechanism  for  hit  experi¬ 
ment  appeared  to  be  the  leading  edge  of  his  piste.  However,  Blackman's  enlightening  experimental  data, 
along  with  the  interpretation  of  the  results,  are  valuable  in  understanding  those  transition  burst  fea¬ 
tures  which  are  independent  of  the  burst  generation  mechanism.  Furthermore,  his  experimental  techniques 
reflected  a  great  deal  of  originality  and  contributed  significantly  to  our  experimental  effort. 


I 


i 


i 

4 

] 

\ 

t 

i 


. 

) 

i 


1.4  Objectives  of  the  Present  Investigation 


The  direction  of  the  present  investigation  was  tc  determine  tha  properties  of  the  intermit¬ 
tent  pressure  field  for  a  natural  transition  boundary  layer  which  includea  the  three  distinct  stages 
illustrated  In  Figure  1.  With  the  construction  of  the  new  Anechoic  Flow  Facility  (AFF)  at  the  Naval  Ship 
Research  and  Development  Center  (NSRDC),  suitably  low  levels  of  background  acoustic  noise  and  freest ream 
turbulence  intensity  have  made  it  possible  to  conduct  a  study  of  the  flow  noise  features  of  a  transition 
boundary  layer  on  a  large  flat  plate  whose  qualitative  flow  features  are  included  in  Figure  1.  The  epstial, 
temporal,  and  spectral  properties  of  the  transition  wall  pressure  field  are  obtained  aa  a  function  of  the 
intermittency  and  compared  with  Chose  of  the  fully  turbulent  pressure  field.  The  convective 
velocitias,  distribution  of  burst  periods,  burst  frequency,  burst  growth  rate,  mean-square  pressures,  and 
spectral  densities  of  the  intermittent  pressure  field  axe  computed  from  the  data. 

2.  APPARATUS  AND  PROCEDURE  FOR  THE  EXPERIMENT 

2.1  Anechoic  Flow  Facility 

Tho  Aneehoic  Flow  Facility  in  which  tha  measurements  were  conducted  vas  designed  specifically 
for  flow-related  acoustic  experiments .  Tha  general  design  features  of  the  flow  facility  are  shown  in 
Figure  2  and  are  described  in  detail  by  Brownell  [20].  Tha  tunnal  is  a  reinforced  concrete,  horizontal 
circuit  of  rectangular  cross  sections  with  corner  fillets.  Hie  air  in  the  tunnal  is  noved  by  a  fan 
around  a  closed  loop,  passing  through  tha  closed-jet  test  section  into  tha  anechoic  chamber  which  provides 
«n  open-jet  test  section.  The  facility  has  a  maximum  daaign  sir  speed  of  200  ft/sec  in  the  test  sections 
at  atmospheric  pressure.  To  minimise  acoustic  background  noise,  acoustic  mufflers  are  located  upstream 
and  downstream  of  th«  fan  to  attenuate  fan  noise  and  the  tunnel  walls  are  lined  with  acoustic  absorption 
material.  To  minimize  structureborne  noise,  the  tunnel  circuit  end  drive  machinery  are  built  over  a 
colic!  rock  foundation  aud  isolation  joints  are  provided  throughout  the  circuit.  Turbulence  reducing 
screens  ere  used  In  the  stilling  chamber  to  reduce  the  turbulence  level  in  the  test  sections . 

An  evaluation  of  the  aerodynamic  [21]  and  acoustic  performance  of  the  wind  tunnel  was  con¬ 
ducted.  The  fraestreem  turbulence  level  wee  eaasupilJ.n  the  "clean"  closad  jet  tost  aection  with  a  hot 
wire  anemometer  and  was  found  to  be  approximately x  100  »  0.09X  or  leas  over  the  rang#  of  flow 

U® 

valocitiBB.  (It  vae  assumed  that  tha  presence  of  the  flat  plat*  in  the  tunnal  would  not  alter  this  level 
slgnif icently  although  this  assumption  was  not  checked  by  repeating  the  turbulence  intensity  measurements) . 
According  to  the  results  of  Schubauer  and  Skrametad  [1],  this  value  of  the  turbulence  level  should  allow 
the  transition  process  on  a  smooth  flat  plate  to  develop  in  s  "natural”  manner  provided  that  the  back¬ 
ground  tunnel  noise  la  not  excessive  [4]. 

The  background  acoustic  nolaa  levels  were  measured  in  the  closed  jet  test  section  with  the 
wind  tunnel  in  the  "clean  condition  and  also  with  the  Flat  Plate  Fixture  installed  in  the  test  section. 

The  clean  tunnel  evaluation  of  the  background  acoustic  noise  levels  vas  mads  over  tha  range  of  tunnel 
flow  speeds  as  part  of  the  Acoustic  Performance  Evaluation*  following  completion  of  the  construction 
+Report  in  preparation  by  Kr.  R.V.  Brown  of  NSRDC. 
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of  the  facility.  Figure  3  shove  the  oeasured  level*  of  the  pressure  spectral  densities  over  the  range 
of  flow  apeeda.  The  figure  includes,  for  coaparison,  che  wind  tunnel's  acoustic  noise  design  specifi¬ 
cations  st  esch  flov  velocity.  Generally,  it  can  bs  seen  that  above  a  frequency  of  100  Hz  the  measured 
noise  values  sre  below  the  design  values.  For  these  measurements  a  1/2-inch  Bruel  and  Kjaer  (B  4  K) 
Condenser  Microphone,  Type  4134,  was  mounted  on  a  atrut  on  the  centerline  of  the  closed  jet  test  section, 
approximately  6  feet  upstream  of  the  anschoic  chamber.  The  microphone  diaphraa  vas  covered  with  a  Nose 
Cone,  Type  UA  0032,  which  provided  a  streamlined  covering  to  reduce  the  wind  noise  generated  by  the  air 
flov  over  the  microphone  and  produce  a  relatively  flat  frequency  response  for  a  sound  field  of  random 
incidence  direction. 

Measurements  were  also  made  of  the  free-fleld  sound  pressure  spectral  densities  outside  of 
the  plate's  boundary  layer,  2  feet  from  the  plate  surface.  Comparison  of  these  results  with  the  clean 
tunnel  levels  Indicates  that  the  presence  of  the  plate  increased  the  background  noiae  levels  by  approxi¬ 
mately  10  d£.  Belov  1  kHz  a  peak  vas  detected  in  the  free-fleld  noise  spectre  whose  frequency  depended 
on  flov  velocity.  This  peek  was  found  to  be  attributable  to  sound  generated  by  plate  vibration  due  to 
vortex  shedding  from  the  plate’s  blunt  trailing  edge.  These  peak  levels  were  as  much  as  15  dB  above  the 
free-fleld  spectral  levels. 

2.2  Flat  Plato  Fixture 

The  large  flat  plate  teat  fixture  vis  designed  to  provide  laminar,  transition,  and  turbulent 
boundary  layer  flows  over  a  smooth,  rigid  surface.  The  plate  is  mounted  in  the  wind  tunnel's  closed-jet 
teat  section  in  a  vertical  plane  intersecting  the  centerline  of  the  test  section.  The  upstream,  lead¬ 
ing  edge  of  the  plate  is  counted  adjacent  to  the  upstream  edge  of  the  instrument  trench.  At  this  point 
the  flov  has  stabilized  following  passage  through  the  flov  facility's  settling  screens  and  contraction 
section.  A  view  of  the  plate  is  shown  in  Figure  4. 

As  shown  schematically  in  Figure  5,  the  fixture  la  constructed  in  various  sections  which  are 
os  chined  from  1-inch  thick  aluminum  stock  and  bolted  together  to  provide  a  maximum  wavlneaa  of  .020  inches 
per  foot.  The  sectional  construction  permits  the  variation  of  tho  streaxarUe  distance  from  the  leading 
edge  to  the  four  rotatable  teat  disks  on  which  instrument*  are  mounted.  By  inserting  or  removing  the 
18  inch  spacer  section  and  rotating  the  teat  disks  th*  atreamvia*  location  of  any  transducer  can  be 
varied  continuously  from  1.2  to  13.8  feet.  Although  the  joints  between  piste  sections  ware  machined  only 
vlthln  easily  schlevable  tolerances,  the  roughnesses  which  remained  after  assembly  of  the  fixture  were 
filled  with  epoxy  and  smoothed. 

The  structursl  and  aerodynamic  performance  of  the  plate  fixture  was  evaluated  to  determine 
the  effectiveness  of  the  design  pertaining  to  the  fixture's  response  to  vibration  excitation  by  the  flov 
and  the  boundary  layer  development,  respectively. 

The  plate  vas  designed  to  be  of  sufficient  mesa  and  rigidity  to  minimize  ita  response  to 
vibration  excitation  by  the  transition  and  turbulent  boundary  layers.  Tills  structural  requirement  was 
necessary  to  maximize  the  signal  to  noise  ratio  of  the  pressure  transducers  which  are  used  to  study  the 
boundary  layer  pressure  fields  end  which  invariably  have  some  response  to  the  plate  acceleration.  The 
possible  affects  of  surface  motion  on  the  boundary  layer  transition  process  are  not  yet  fully  undnrstood 
and  thexefora,  it  was  desired  to  eliminate,  or  at  least  minimize,  this  factor  from  the  study. 

Figure  6  shown  the  measured  values  of  the  acceleration  spectral  density  utilizing  a  E  4  K 
Accelerometer,  Type  4344,  nountad  on  the  back  of  Dial  3,  near  tho  location  of  the  flush  mounted  tdcro- 
phones  used  to  make  the  pressure  field  measurements .  Tha  acceleration  levels  are  shown  for  two  I: low 
velocities,  that  at  which  transition  occur*  on  Disk  3,  and  at  s  fully  turbulent  yalocity.  In  both  spectra, 
speed  dependent  peaks  in  the  accolaratlon  levels  tvt  apparent. 

The  peak  at  400  Hz  for  th*  lover  spaad  spectrum,  and  the  peck  et  520  Hz  for  the  higher  speed 
case,  both  aatlsfy  the  cozmon  vortex  shedding  Strc„,-ial  number  relation  of  fd  »  0.2,  share  d  ia  taken  as  the 

plate  thickness.  This,  together  with  the  free-fleld  acoustic  noise  messuritEents  mentioned  above.  Indicates 
that  shedding  from  the  blunt  trailing  edg*  of  th*  plate  fixture  w as  a  eachaniam  of  plats  excitation. 

By  covering  th*  plate  mounted  microphone*  so  that  they  could  not  aenas  th#  boundary  layer 
pressure  field,  it  was  found  that  tha  plate's  vibration  flald  Influenced  the  piste's  boundary  layer  pres¬ 
sure  field  aeasur enacts  at  frequencies  below  1  kHz.  Above  1  kHz,  the  signal  to  noiss  ratio  which  ia  re¬ 
presented  by  th*  differences  in  the  level*  of  rha  uncovered  and  covered  microphones,  la  generally  in  ex¬ 
cess  of  10  dB  for  tha  intermittent  and  fully  turbulent  boundary  layer  pressure  fields.  Hence,  from  th* 
standpoint  of  structural  vibration,  it  is  assumed  that  above  ..  _JU,  the  flat  plat*  fixture  serves  as  a 
usaful  model  for  studying  tha  transition  end  turbulent  boundary  layer  pressure  field.  Tha  extant  to  which 
the  plate's  vibrations  may  possibly  effect  th*  actual  transition  procase  of  the  laminar  boundary  layer  to 
turbulent  flov  could  be  investigated  in  futura  tests  by  artlfically  shaking  the  plate. 

Studies  of  the  pressure  fields  associated  with  laminar  boundary  layers,  such  as  attempting 
meaauramente  of  th*  fluctuating  pressure*  associated  with  Tollmsin-Schlichting  vaveo,  will  require  further 
reduction  in  the  piste's  vibration  levels  through  trailing  edg*  streamlining  and  structural  dasping. 

Th*  aeeantiel  aerodynamic  requirement  of  the  plat*  fixture  v*s  that  s  prescribed,  controll¬ 
able,  laminar,  transition,  and  turbulent  boundary  layer  could  be  achieved  ever  the  surface  of  th*  test 
disks.  To  accomplish  this, the  fluid  adjacent  to  tha  leading  edge  of  th*  plat*  must  cot  encounter  a  suf¬ 
ficiently  large  positive  pressure  gradient  to  cause  tha  streamlines  to  separata  from  the  plate  eusfoco, 
in  which  case,  tha  flov  could  lmodlstely  become  turbulent  at  the  leading  edge  [22].  It  vas  found  that 
a  lending  edge  with  e  sharp  asyeaetric  taper  of  3  degrees  (»**  Figure  5)  did  not  trip  th*  boundary  layer 
over  tha  rang*  of  .low  velocities  when  tha  plate  vas  oriented  et  s  -1.5  degree  *tc*ck  angle  to  th#  flow. 
With  the  plat*  fixture  at  this  orientation,  •  naturally  developing  t ran* it ion  boundary  layer  vs*  obtained* 


2,3  loot  meant  at  ton  end  Koasuramant  P srgeedure 

The  instrumentation  ''or  the  experimental  measurements  fall  essentially  into  tho  three  basic 
categories  of  eerodynsaic ,  vibration,  end  acoustic,  depending  on  th*  par&aators  to  bt  measured.  The 
vibration  and  fra*- field  acoustic  instrumentation  ware  previously  discussed.  This  » action  «*iv*s  a  brief 
aussmry  'd  the  instrumentation  used  for  tha  boundary  layer  measurements  end  discusses  the  measurement 
and  dat\  analysis  procedures . 
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Aerodynamic  Instrumentation 

The  flat  plate  seen  velocity  distributions  across  the  boundary  layer  were  measured  with  a 
modified  version  of  a  United  Sensor  Total  Head  Probe,  Model  BA-20-12-011-650,  mounted  on  a  test  disk 
utilizing  a  Mash  Control,  Inc. ,  Linear  Actuator,  Model  CL  1326K22.  The  electromechanical  linear  actuator 
functions  as  a  remote  positioning  device  and  permits  the  positioning  of  the  velocity  probe  (or  hot  wire 
aneoocieter)  at  varying  distances  normal  to  the  plate's  surface.  The  linear  actuator  contains  a  DC  motor 
which  positions  an  extending  tube  within  an  accuracy  of  .001  inch  by  monitoring  a  position  indicating 
potentiometer  which  1s  directly  coupled  to  the  actuator.  The  position  of  the  probe  ou  the  plate  surface 
Is  changed  by  rotating  the  disk  and  re-alinlng  the  probe  with  the  flow  direction.  The  static  reference 
pressure  is  measured  through  a  1/32-inch  diameter  hole  which  Is  flush  with  the  plate's  working  surface, 
adjacent  to  the  probe  tip. 

The  differential  pressures  between  the  total  head  probe  end  the  static  wall  hole  are  monitored 
by  a  CCS  Electronic  Manometer,  Type  101S-B,  which  utilizes  a  capacitive  type  Bari  lal  Pressure  Sensor, 

Type  538-3,  with  a  +  1  psi  range.  Thin  Instrument  provides  digital  differential  pressure  readings  accurate 
to  within  +  .001  psl.  The  time  constant  of  the  system  was  generally  lees  than  30  seconds,  with  approxi¬ 
mately  10  feet  of  tubing  between  the  probe  and  the  pressure  sensor. 

A  dual  channel  Plow  Corp.  Constant  Temperature  Anemometer,  Model  900-1,  was  utillied  for  mea¬ 
suring  mean  and  fluctuating  velocity  components  near  the  plate  surface  and  for  measuring  the  f  reeetreeii 
turbulence  level. 

The  static  pressure  gradient  was  measured  along  the  plate  surface  utilizing  a  series  of  12  -1/32 
inch  disaster  holes  drilled  elong  the  plate  in  the  atreamwise  direction.  Plastic  tubing  connected  each 
hole  in  the  plate  to  a  lsrge  alcohol  manometer  and  the  static  pressures  along  the  plate  relative  to 
atmospheric  pressure  were  recorded  visually  over  the  range  of  tunnel  flow  velocities. 

Acoustic  Instrumentation 

The  fluctuating  pressures  on  tha  piste  surface  ware  measured  with  B  &  R  1/4-inch  Condensor 
Microphones,  Type  4136,  and  B  4  K  1/8-inch  Condensor  Microphones,  Type  6138.  Both  eize  microphones, 
through  use  of  en  appropriate  adapter,  were  used  with  B  &  K  Cathode  Follower  Presaplif lets ,  Type  2615  or 
2619,  and  with  B  &  K  Measuring  Amplifiers,  Type  2606.  To  facilitate  the  measurement  of  the  pressure  ou 
the  plate  surface  over  as  small  as  area  as  possible,  tha  microphonaa  vers  used  with  eolid  protective  caps 
mounted  flush  with  tha  plate  surface  In  s  teat  disk  and  in  each  of  which  vas  drilled  e  single  1/32-Inch 
diameter  hole.  The  fluctuating  pressure  on  the  plate  surface  vaa  sensed  through  the  1/32- Inch  diameter 
hole  which  led  to  a  email  cavity  enclosed  by  the  protective  cap  and  the  microphone  diaphrar. .  This  micro¬ 
phone  system  has  a  resonance  frequency  in  tha  rtiponee  curve  due  to  the  fact  that  the  combined  hole  and 
cavity  behave  like  a  simple  Helaholts  resonator. 

The  sensitivity  level*  of  the  microphones  for  the  flat  portion  of  their  pressure  ret  pons e 
curve*  were  determined  at  250  Hz  using  i?iii  Flstonphone  Type  4220.  The  frequencies  of  resonance  of 
the  1/4  and  1/8  inch  microphone  systems  were  determined  from  the  resonant  peaks  In  the  power  spectral 
density  curves  of  the  fully  developed  turbulent  pressure  fields  which  occurred  on  the  piste  surface  at 
tha  higher  wind  velocities.  Frequency  response  curve*  neer  the  Helmholtz  resonance  frequencies  for  the 
1/4  inch  and  1/8  inch  microphone  systems,  which  vara  determined  employing  f tee-field  calibration  methods 
in  tbs  anechoic  chamber  of  tha  wind  tunnel,  am  given  in  Figure  7.  The  low  frequency  roll-off  was  con¬ 
trolled  by  the  preamplifier  and  was  determined  from  the  manufacturer'!  response  date. 

IVo  1/4-lnch  pinhole  microphones  ere  flush  mounted  in  s  test  disk  utilizin'*  a  positioning  device 
which  allows  the  separation  distance  betvaan  the  transducere  to  be  varied  from  0.531  to  4.552  inches. 

Larger  separation  distances  of  up  to  approximately  10.75  feet  in  the  streaswiee  direction  can  ba  achieved 
by  mounting  microphones  In  two  separata  25  inch  test  disks. 

The  analysis  of  the  root-aean-equare  (SMS)  properties  of  the  prsesure  field  wee  done  employing 
a  Ball/iutine,  Model  320,  True  RMS  Electronic  Voltmeter.  A  cuober  of  external  capacitors  were  employed  in 
the  meter  circuit  to  increeea  the  meter  response  time  and  decrease  mater  fluctuations  during  voltage 
measureaeuta  of  the  intermittent  pressure  field  at  low  value*  of  the  intern),  ttency  rector. 

The  power  spectral  daneltia*  of  the  fluctuating  praaaure  fields  on  the  flat  plate  were  deter¬ 
mined  by  us*  of  a  Tima  Oat*  Beal-Time  Analyser  System,  Type  1923/A. 

The  Intermit teacy  factors,  average  buret  period,  and  buret  convection  velocities  of  tha 
transition  ,  -?*aur*  field  were  determined  either  visually  from  oscillograph  records  or  by  employing  an 
electronic  device  which  automated  tha  process  (30). 

Response  Characteristics  of  Circuitry 

A  schematic  of  tha  electronic  circuitry  used  in  the  tape  recording  (and  during  reproduction 
fot  analysis)  of  the  data  of  the  fluctuating  pressure  and  velocity  fialde  in  the  flat  plate  boundary 
layer  is  shown  in  Figure  8. 

The  frequency  end  phase  response  of  the  system  and  tits  effects  of  sxtranoGus  noise  sources  on 
the  signal  to  uoisa  ratio*  of  tha  signals  were  evaluated.  As  the  n  in  Figure  8,  a  sins  wave  oscillator 
or  s  white  noise  source  of  known  KK3  level  can  be  connected  to  the  direct  input  stag*  of  the  microphone 
eaplifiere  eiaulteusously ,  end  passed  through  tha  complete  electronic  circuit  and  recorded  on  tha  multi¬ 
channel  magnetic  tspe  recorder.  When  this a  recorded  signals  ere  reproduced  through  the  date  analysis 
systems,  a  calibration  of  eyetan  performance  can  bo  obtained. 

Figure  9  show*  an  s-y  plot  of  tha  frequatscy  response  (power  spoct-ral  density)  of  th*  circuit 
for  a  pair  of  date  channel*,  through  vhlch  whit*  nole*  use  passed  oisaultaneously.  This  represents  th* 
approximate  features  of  the  circuit  response  at  the  input  of  the  oscillograph,  or  tha  incsrmittsncy  mea¬ 
suring  devices,  used  to  calculate  Y  end  th*  other  space-rim  properties  ef  the  turbulent  bursts,  the  low- 
frequency  roll-off  is  due  to  the  characteristics  cf  the  hl-pase  filter  In  the  circuit,  while  the  decrease 
In  rtaponee  at  high  frequency  is  due  to  the  decreasing  taps  recorder  response  abovs  10  kHz .  In  addition 
to  the  electronic  circuit  response  shown  la  Figure  9,  the  frequeivy  response  of  th*  pinhole  microphones 
aust  also  b  tatu*  into  account  in  measurements  of  the  properties  of  piste  pressure  fluids. 

The  frequency  response  of  th*  galvanometers  used  in  th*  Honeywell  Vieicorder  Oscillograph 
jfcsdc.l  -L-'  ‘let  within  +  1/2  aB  between  0  sad  3000  Hi,  The  3  dB  down  point  of  the  upper  frequency 
in  th;  iiiv'e  response  occurr"1  si  5500  Us.  Th*  bursts  displayed  on  the 
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oscillographs  consisted,  therefore,  of  frequency  cospouenta  within  sn  approximate  3  dB  down  bandwidth 
between  2600  and  5500  Hr,  which  resulted  through  uae  of  tha  Krohn-Hlte  Filters  and  fbe  fluid  darted 
galvanometers.  It  vas  found  that  burst  frequency  components,  within  this  bandwidth,  accurately  defined 
-he  temporal  features  of  the  burst  envelopes  on  the  oaclllographa,  The  inherent  phase  angle  between  the 
two  electronic  dots  channels  vsa  found  to  be  negligible. 

Generally,  the  procedure  for  tha  measurements  of  tha  boundary  layer  preaaure  field  voa  to 
locate  the  aicrophonee  at  the  desired  atreaowise  distances  along  the  plate  and  then  record  the  microphone 
signals  on  magnetic  tape  for  a  series  of  different  wind  velocities,  two  or  three  microphones  were  gen¬ 
erally  uaed  simultaneously  Co  permit  simultaneous  recording  on  the  multi-channel  tape  recorder  for  later 
determination  of  the  convective  and  growth  properties  of  tha  intermittent  boundary  layer  preaaure  bursts, 

3.  EXPERIMENTAL  RESULTS  OF  TUB  BOUNDARY  LAYER  FLOW 


Thia  section  evs-uiatea  the  ssasured  mean  flow  boundary  layer  profiles  in  terms  of  their  con¬ 
sistency  with  respect  to  well  kneara  analytical  predictions  baaed  os  viscous  flow  theories.  As  previously 
discussed,  it  vsa  necessary  to  orient  the  plate's  working  surface  at  a  -1.5  degree  attack  angle  to  tha 
flow  to  prevent  leading  edge  tripping,  thia  orientation  resulted  in  a  mild  acceleration  ot  the  external 
velocity  above  the  boundary  layer  along  the  plate  and  therefore,  a  laminar  flow  which  slightly  differs 
from  the  Blasius  velocity  profile.  The  measured  features  of  the  boundary  layer  under  the  conditions  of 
a  mildly  accelerating  external  velocity  along  the  plate  will  be  presented.  First  a  discussion  of  the 
measured  external  velocity  gradient  along  the  plate  will  be  given. 

3.1  Preaaure  Distribution  Along  the  Plate 

Figure  10  shows  the  prossure  distribution  along  the  piste's  atresawite  dimension  as  measured 
by  static  pressure  holes  in  the  wall  of  the  piste.  The  non-dimensional  preaaure  coefficient, 

C  •  p-p  ,  la  shown  in  Figure  11.  The  reference  preaaure,  p„,  and  velocity,  U  ,  are  measured  by  a 

(1/2) pUg 

pitot-static  tube  located  outside  the  boundary  layer  8  feet  downstream  of  the  plate's  leading  edge.  The 
fact  that  C  collapses  at  different  freestream  velocities  allows  oua  to  establish  s  single  nosi -empirical 
relationship  for  the  potential  flow  velocity  U  (x>  at  the  sdga  of  tha  boundary  layar. 

If  the  fluid  la  considered  incompressible  and  tha  density  p  *  constant,  then  the  momentum 
equation  can  be  integrated  along  a  streamline  in  the  x-diraction,  to  give 

p  +  1/2  (pU^)  •  constant  (1) 

Thia  is  valid  along  any  streamline  of  tha  flow  sufficiafltly  ramovad  from  tba  body  surface  to  bo  unaffect¬ 
ed  by  tba  thin  region  near  the  surface  dominated  by  large  viscous  forces.  Tha  constant  of  Integration 
in  Equation  (1)  is  taken  as  pg  +  (1/2)  pujj,  where  pB  end  Ufi  era  tha  static  pressure  and  flow  velocity, 
respectively,  measured  on  a  streamline  which  la  assumed  to  run  along  tha  outer  edgo  of  tha  plrti’s 
boundary  layer.  Equation  (1)  then  bacon aa 


p(x)  +  I/2puf(x>  •  p_  +  l/2pui? 

8  D  D 

(2) 

U  fs) 

(3) 

Also  uota  that  the  upstream  reference  valocity  can  ba  cosputad  from  Equation  (3),  or  by  extrapoletioo 
of  tha  U  /XL  data  to  tha  x  “  0  posit? . 

Figure  12  show*  tha  ratio  of  the  velocity  at  tfco  adge  of  tha  boundary  layer,  to  the  velocity 
of  the  freestress  just  upstream  of  t)^  leading  edge  U^/Ura,  as  a  function  of  downstream  distance  x.  A 
velocity  gradient  parameter,  a  ■  a  __e  ,  verwus  x  is  shown  in  Figure  15.  The  dlmsasioalaee  psramoter,  is, 

U  dx 

la  useful  as  s  measure  of  the  affect  o'  ‘.ha  pressure  gradient  on  tbs  laminar  boundary  layer  [23].  Exact 
solutioaa,  refurred  to  as  similar  solutions,  exiot  for  flows  in  which  a  *»  constant  along  tha  streamline 
of  tha  flew. 

A  seal-ampirical  equation  was  used  to  nodal  tha  secalerated  flow  data  aa  given  below: 

U 

r~  -  1.10437  0. 07740  tan  [0.130  (x-7.2033))  (4) 

0.01005  s*C2  [0.130  (x*7. 2033)1 

0  "  1.10*57  +  0.07740  tan  [6. 130  (x-7. 2033) )  (5) 

The  cosparieona  of  Equations  (4)  and  (5)  with  tha  experimental  data  are  shown  in  Figures  12  and  13.  Equa¬ 
tion*  (4)  and  (5)  axe  seen  to  be  in  good  agreement  vith  the  experimental  data  and  ware  choeen  for  use  in 
the  numerical  cutsputotiousl  schema  uaed  to  predict  the  lamina;  boundary  layer  properties  along  tbs  flat 
pleta. 

3.2  Laminar  Boundary  Layer  Velocity  Districmtioos 

Comparison  vith  Blasius  Solutions 


Povnatreem  of  tha  leading  edge  of  the  slats,  the  boundary  layer  which  davalopae  oa  the  surface 
ia  initially  that  for  laminar  flow.  Sine*  Che  platw’a  measured  pressure  gradient  vas  small,  it  is  in¬ 
structive  to  cospar*  tha  axparlmontol  properties  of  the  1 (miner  boundary  layer  region  vith  tho  classical 
results  derived  by  Blasius  for  ths  sero  pressure  gradient  flow  aloog  e  flat  plats.  Figures  14  through  17 
give  ths  experimental  laminar  boundary  layar  valocity  prof  Alas  measured  at  four  etreaavioe  locations  on 
the  plate  surface  compared  to  the  Blasius  profiles.  Tha  ratio  of  the  velocity  U(y)  to  the  free* tree* 
velocity,  0^,  plotted  versus  the  disansloaless  length  parameter,  n  •  y /if'"  ,  la  ibovc  in  aach  of  those 


figure* . 


vs 


Once  the  velocity  distribution  in  tha  boundary  is  known,  the  boundary  layer  thicknaea,  6,  is 
datsrsdnod  aa  tha  distance  from  tha  wall  at  which  U(y)  “  0,99  U^. 
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.  Fi8U!ei!,"h?V8  the  erow,;h  of  the  laain£r  boundary  layer  thickness  as  celculnted  by  the  Slaaius 

solution  compared  with  those  aeasured  along  the  plate  in  the  atreamwias  direction.  It  ia  seen7 that  the 
experimental  values  of  fi.oeasured  on  the  plate  in  the  mild  favorable  pressure  gradient,  deviate  from  the 
values  predicted  by  the  Blasius  solution  which  ia  based  on  the  so.ro  pressure  gradient  condition. 

Comparison  with  Pressure-Gradient  Solution 

_.  ,  l£  18  desireble  to  ascertain  the  effects  of  pressure  gradient  on  the  laminar  boundary  layer 

lr«i  y  UUS;r  r  y  ^0BPutin8  W  ««t  solution  of  the  laminar  boundary  layer  equatlouTvith  a 

asai-empirical  equation  for  the  exterior  accelerating  flow.  A  finite-difference  numerical  procedure  pro- 

uTx)  Lv^°LlaM0V*m°ed  f°r  £!;e,COBPutation-  seaii-eopirical  equation  for  the  external  flow, 

Ue  *  r  by  Equation  (4),  was  used  in  the  computations  for  the  velocity  profiles  at  discrete  locations 

along  the  plate  s  streamrise  direction.  A  computer  program  developed  by  Smith  [25]  vaa  used  for  these 

oHhl^S'r  rd  n1U*fl  WhiCh  WerB  caiculated  ^  tMfi  Procedure  are  shown  in  Figure  IS.  The  effect 
of  the  accelerated  flow  can  bo  seen  to  have  retarded  the  laminar  boundary  layer  growth  along  the  plate 

relative  to  the  growth  predicted  by  the  Blaaius  solution.  The  calculated  profiles  are  shown  In  Figures 

£hl!  ^"ison  between  the  analytical  and  experimental  values  of  4,  the  experl- 
ta^  d“£a  wa8  Put  ln  dimensionless  form  and  corrected  to  the  proper  external  velocity  U.(x)  in  order  to 
provide  the  results  at  the  specific  set  of  speeds  and  locations  shown  in  Figure  18  * 

.  „  ,  .  ,  *”*****  l4y«r  displacement  thickness,  6*,  is  generally  accepted  u  a  more  accuretely 

determinable  boundary  layer  length  parameter  than  the  boundary  layer  thickness.  4.  The  experimental  values 
of  4  are  compared  in  Table  I  with  the  values  calculated  employing  the  computer  program. 

It  ia  concluded  that  Che  qualitative  features  of  tha  experimental  data  for  the  laminar  boundarv 

urerBrIdie^re*Mt^ bly  good  agreemant  with  analytical  reaulta  which  take  into  account  the  favorable  p^a- 
sure  gradient  which  existed  on  the  plate.  F 

3.3  Instability  and  Natural  Transition  to  Turbulence 

,  ,  ,  Previously  discussed,  the  transition  procaaa  can  be  influenced  by  a  large  number  o'  factors 

iht  °V  at™D8,  predominance  of  one  or  more  of  these  factors,  the  transition  boundary  layer 

L1*  ******  8*id  t0  occur  ia  •  "nxtural"  mutismi  and  be  charecterited  by  the  Tollaein- 
Schlichting  wave.  obeerved  by  the  classical  eiperimeata  performed  at  the  National  Bureau  of  Standards. 

atast.  In  At  “**  ®xpl‘icBd  chat  th*  Mtural  transition  proceea  had  three  distinct 

ieti«'oi'  rh!  ft.rr  M  r  7*  objective  vaa  to  oxperiasntally  determine  the  ch.r.ecer- 

ietica  ol  the  fluctuating  pressure  fiald  associated  with  therm  thren  stage*  of  an  incompressible  transition 
boundary  layer  on  a  flat  plate.  Attaapt.  wera  made  to  achieve  ”r^tur*l"  tr^ition  lHh!  Ib.enceT 
aforementioned  extraneous  effects.  This  plan  was  generally  successful  with  tha  exception  that  it  was  neces- 

JhrDlate^rore^nt  “CMl*r‘ted  flov  Curable  pre.aure  gradient)  condition  over 

delJinl  rh  i  1“diDVd*°  dipping.  This  fevorable  pressure  gradient  has  a  aigniflcant  effect  on 

delaying  the  initial  stag,  of  the  tradition  piece...  For  example,  the  transition  RsySld,  number  Tov  the 
Blaaiue  transition  obtained  by  Schubauar  and  Skramstad  was  R£  -  U^x  A  2.8  x  10*.  In^hia  study, 

flow  was  found  to  occur  at  Reynolds  number  as  high  aa  8.7  x  106!  V  ^ 

it  did  not  re”Ure  *r*dient  °bvioualy  delayed  the  onset  of  the  transition  process. 

tranaition’orLl!.  £•£**"  }*  Ch*  Wc  2*chanls»  aamoei.tmd  with  the  bursting  stage  If  the 

transition  process,  though  it  can  alter  the  width  of  the  transition  region. 

Tollstain-Schlichclng  Waves 

nolne  levtls^n  Qbsa™d  *0  plate  vibration,  and  high  ns.oci.ted  acoustic 

in  Refe-ancI  30  \h  ™°S«  T-S  oscillation.  were  expected.  Rower,  lt  ig  shovn  by  the  ,uthoM 

ln  Reference  30,  that  comparisons  o,  the  laminar  flov  data  of  4,  4*.  and  8,  with  various  stability  cr'teria 

--u  Mrs/Sr  z  srs  isvsr 

tne  more  pronounced  favorable  pressure  grediect  causea  the  profile  to  foJJ.  in  the  stable^eeion  Stability 

hM  n  tt.V  Rc  18  *»«*>  be  growing  in  the  unstable  J ,  U  ’ 

!hl-ld  111  8uffici*ctiy  the  s\p« risen tally  obtained  boundary  layer  properties 

hould  exceed  the  Computed  value,  for  the  WMl  eoluticu.  In  the  itebl.  region.  th^T-S  «ve.  c"ld  be 
damped  out  and  the  flow  resubiliced  to  che  laminar  flow  eolutioa  again  [1'.  Therefore  a  study  of  Figure 
16  august*  that  for  that  prescribed  epeed,  tbs  T-S  wov.s  arc  initially  disturbed,  .ow  to  finite  axplitude 
and  then  «m^e J  «*  a.  the  effect,  of  the  ratable  preasur.  gradient  becoma  sore  pronounced  downs tr^.‘ 
Hopo.ull, ,  in  the  future, th*  piste  s  vibration  levels  will  be  laproved  in  the  low  frequency 
region  where  T-S  waves  are  expected  end  the  T-S  pre.aure  oscillations  car.  bTne.aurad  Id  c^fi^2d  by  hot 
ri1  t^c  U°n  th*  iairL*r  °3cilia^i«1  phep.oaana.  For  the  precont,  ths  ecsusption  the  existence  of 
r'  J  V*^9  PJior  f0  t;  e  0Rfat  of  burs tinj,  although  till  in  question,  allow^the  data  in  this  study 
to  be  considered  m  ropresenting  chat  for  a  nat^.ul  transition  process.  f 

Onset  of  Bursting 

transition  V*1°':iClea  (1d  **«”  of  150  the  laminar  boundary  layer  eventually  underwent 

ti  ana  it  ion  at  tha  9  foot  mas.urlng  etatlon  on  the  plate.  Ths  osrsot  of  bursting,  which  identified  t 

,  ^  and  Skraxatad  with  the  ua«  of  hot  wire  ancaoceters  po.Uloned  in  ch.  bound ^  Uve- 

m  the  presaot  experioant,  bursting  onaet  was  obaervad  with  the  flush  mounted  microphone*.  An  *• ->rosimaie 
value  o.  6t  determined  by  tr.c  onaet  of  bt.rsting  in  the  praesur.  fiald  vea  betvaon  7^4  to  8.7  x  1^ 

nf  nSrain^i  r  ^»vre«nt9  of  the  velocity  profile,  in  tl«  transition  region  on  the  large  p’ata  were 
not  obtained.  Coaaequanely ,  th.  onset  of  bursting  was  deta  mined  solely  through  use  of  che  mlcroohonee 
end  could  not  be  compared  with  that  predicted  by  the  abrupt  decrease  of  the  ahape  factor  H. 


I 
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B-sgiualag  of  Turbulent  Floy  Region 

The  value  of  the  Reynold*  number  et  the  end  of  the  transition  process,  R  ,  wee  *l*o  deter¬ 
mined  fron  the  microphone  signals.  This  Reynolds  nuober  vs*  taken  as  that  for  whicltni  bursting  process 
became  continuous,  indicating  fully  developed  turbulent  flow.  The  aeosured  values  of  5  fell  within 

the  range  of  reaulta  8.6  x  10^  <  E  <  11.0  x  10^.  ®‘ 

e.  t , 

4.  EXPERIMENTAL  RESULTS  OP  URBBKZTTENT  PLOW  FEATURES 

6. 1  Comparison  of  Velocity  and  Wall  Pressure  Surets 

In  the  present  study  of  the  intermittent  wall  pressure  field  during  the  transition  process,  the 
level  of  intermittency  was  varied  by  changing  the  wind  tunnel  flow  speed.  The  locations  of  the  flush- 
mounted  pressure  transducers  were  held  in  a  fixed  position  along  the  plate  end  could  not  be  varied  remotely 
during  the  operation  of  the  wind  tunnel.  In  order  to  evaluate  whether  the  burst  generating  sechanisa  of 
the  natural  transition  process  has  bean  noticeably  altered  by  the  varying  speeds ,  the  internlttancy  factors, 
Y,  vos  plotted  versus  a  normalized  transition  Reynolds  nuaber  and  compared  with  the  known  (xperlsental 
data  of  Schubsuor  and  Slsbanoff  (26)  on  the  intaraittent  velocity  field  bursts.  Specifically,  the  queation 
is  whether  the  secondary  affects  on  transition,  such  ss  the  turbulence  intensity,  plate  vibrations,  ate., 
are  significantly  affected  by  the  light  change  in  the  stress  velocity. 

Th*  intenaittency  factor  Y  i*  defined  as  the  fraction  0^  thft  tOtil  54LSpl.C  ti-Mfi  ^  the 

flow  ia  turbulent  at  any  point  P  in  th*  tranaitioo^rtgion  md  can  b«  *xpre«ted  u 

Y(P)  -  1-1  B1  (6) 

*totsl 

where  ig  denotes  a  bursts  period  and  N  denotes  the  numbar  of  bursts  during  tin  total  acaplt  time,  T 
Figure  (19)  shows  the  intermit  ten cy  factors,  y,  of  ths  pressure  bursts  measured  at  both  dlffsrsct  doita- 
streos  positions  and  flow  velocities  in  tares  of  a  normalised  Reynolds  nuaber  £a(R  -R,  _)/6.  R  is  the 

Reynolds  nuaber  (based  on  x)  et  which  the  value  of  y  is  measured,  R  ,  ie  the  Rayftolan  number  at  which 
the  pressure  field  was  turbulent  half  tha  time,  and  OCR  gg-R  np^o.  I0301*1?  £  i*  *  measure  of 

the  width  of  transition  for  a  cooatant  flew  velocity  and 'via  obtained  by  extrapolating  the  date  when  plot¬ 
ted  versus  Reynolds  mraber.  The  figure  includes  *  Gaussian  integral  curve  which  has  been  fitted  to  the 
normalised  quantity  £  end  shows  good  agreement  with  the  data.  With  this  limited  date,  it  can  be  inferred 
that  the  general  characteristics  of  th*  distribution  of  y  for  e  well  pressure  field  in  n  mild,  favorable 
prsesurt  gradient  appear  to  be  aimiler  to  that  for  the  velocity  field  in  e  zero  pressure  gradient  when 
normalized  with  reapset  to  tha  width  of  the  transition  region. 

To  provide  a  more  direct  comparison  and  verification  that  the  bursts  detected  in  th*  inter¬ 
mittent  boundary  layer  region  are  directly  related  and  have  the  earns  geometrical  eed  coovoctive  feature* 
ss  burst?  detected  by  an  adjacent  praaaur*  transducer  mounted  of  th*  well,  simultaneous  amasur«Q>:ot*  of 
th*  inetenttneous  velocity  ml  well  pressure  field*  sre  required.  Sosa  data  vhlch  showed  excellent  agree¬ 
ment  beevean  the  bursts  were  obtained  but  for  a  smaller  prototype  flat  plats.  Future  tests  on  the  large 
piste  will  lacluda  hot  wire  anemometer  measurements . 

4.2  Spatial  and  Temporal  Feature  of  Transit ioa  bursts 

Figure  20  illustrates  th*  shape  esd  growth  cf  9  velocity  field  burst  generated  by  an  electric 
spark  bV  Schufccuer  and  Klebocoff  (26).  Results  will  be  presented  on  th*  testuras  of  these  bursts  os  maa- 
eured  by  on*  or  mora  aierophoewa  positioned  oa  tha  plate  which  couple  thee*  propagating  bursty  at  diffsr- 
90t  levs  Is  of  iotsireittency. 

Oscillograph  Records  of  Propagating  Bursts 

Oscillographs  of  the  intsvoietanc  prsasurs  field  sr*  shown  in  Figur*  21  for  low  sad  high  value* 
of  intotmitteocy,  Tha  oscillographs  show  simultaneous  output*  of  three  pinhole  mieiopboaaa  mounted  flush 
with  th*  plate  surface  at  increasing  atreoewiac  distances  from  ths  plats’*  leading  edge,  lease  oocillo- 
graphs  clearly  indicate  tbs  transition  process,  whereby  intermittent  bursts  of  local  turbulence  are  formed 
*od  propsjat*  dowestto**,  growing  in  length  as  thay  go,  until  they  merge  forming  s  fully  developed  turbu¬ 
lent  leuedary  ls/*r.  Adjacent  to  each  trotiduc-sr  is  shown  ths  Reynold*  number  baaed  on  dowsstrsau  distent* 
fron  i.hs  piste's  leading  adg-s,  th*  eeparation  dlstence  batvsen  trensduesrs,  end  ttis  intarmitteacy  factor. 

Each  of  th*  above  oscillographs  vus  rscordao  after  passing  the  microphone  eignaXs  et  tha 
a^liftor  output  through  s  1500  Herts  (6  d*  dam)  high-pass  filtar.  Thin  filrsriag  removed  lov  frequency 
vibrttion  signals  which  wore  picked  up  by  th*  preaeutc  transducers  *•  previously  discussed.  Tin*  upper 
- rsqc ency  caoponsst#  of  tha  oeelllogr *.ph  rocord*  were  United  by  tbs  jalvanomster  response  which  was  3  dB 
down  at  5500  H*.  Coepatisoas  o?  th*  filtered  and  uafiitorad  microphora  signal  or*  show  in  Flgurs  22.  It 
can  lie  sesa  thot  the  :**pcr.-.l  properties  of  tha  pressure  burst*  sr*  more  clearly  iliuarrstsd  by  fllcarlng 
out  the  law-frequaaey  aols*  cowpoconts.  Further  verification  that  the  low  frequent  components  in  the 
oicropiuMi*  signal  are  due  to  vibration  of  tbs  mlcrcphr  ->*  (westing  die*  i*  given  by  Figura  23  which  com¬ 
pare*  ths  pcaMr-epocirol  densities  of  tha  microphone  sign*  Is  without  tha  high  pass  filtering  with  thus  a  of 
ths  covered  microphone  for  the  earns  flow  coedit lea*.  Th*  does  agreement  in  th*  spectral  level*  at  th* 
peak  f requeue!**  below  1500  E*  iodlceta  that  ths  ribrstioo  sensitivity  of  th*  pressure  tr*o»!ucere  is  suf¬ 
ficient  to  datsot  the  plots'*  vibration  esrfo*  at  low  frequencies. 

Figure  24  gives  oscillographs  of  th*  signals  ffo*  two  microphones,  with  s  streamwlss  eeparstloc 
of  1.62  feet,  for  e  ranga  of  prsaayre  field  in  t«  rod  v  tenets*  from  y~G  to  y-1.  It  io  noted  that  burst#  which 
paas  th*  upetrssm  microphone  are  generally  still  idactificsblc  at  the  downstreas  transducer.  Th*  growth  in 
length  of  tha  berets  during  tha  transition  bstwesn  tha  transducer*  t-  readily  epparant. 

Geuvsctlv*  and  Spatial  Features  of  Burets 

As  illuetrutsd  in  Figure  24  the  oscillograph*  can  b#  used  to  Calcutta  tha  vslocitlst  of  th.-i 
leading  (downatrean)and  trailing  (upetrsoa)  edgse  of  tha  burst*.  Tbs  travel  tims  bstveee  th*  two  strsas- 
wiss  transducer#  can  be  determined  from  tha  timing  linae  on  th*  oscillographs.  Th*  stress*!**  velocities 


of  the  3 sading  and  trailing  edge*  of  the  bursts  are  given  by  U.  ■  Ax/At,  and  U  *A x/At  respectively,  where 
Ax  Is  tha  streaswiss  separation  distance  between  the  transducers  and  At,  and  n£  are  hie  respective  transit 
tines  of  the  leading  and  trailinc  edges  of  the  burst  between  the  nicroohonea . 

It  was  found  that  tha  propagation  velocity  of  the  leading  edge  of  the  burat  is  l)  a  .970  while 
the  propagation  velocity  of  the  trailing  edge  of  the  pressure  bursts  is  U  «J.3iU  .  A  nuubar  of  these  cal¬ 
culations  are  tabulated  in  Table  II.  Theae  values  differ  frota  the  values  measured  near  the  surface  with  a 
hot  wire  probe  by  Schubauar  and  Klebanoff  [26]  who  obtained  0.88U  for  the  leading  edge  velocity  and  0.5U 
for  tha  trailing  edge  velocity  for  the  case  of  a  zero  preseura  gradient  elong  the  plate.  This  discrepancy 
is  related  to  a  difference  in  buret  growth  rates  which  is  reflected  in  the  fact  that  widths  of  the  transi¬ 
tion  regions  for  both  sets  of  experiments  were  not  cocparable. 


convective  velocity  of  the  burst,  U 
as 


■c,  defined  as  the  average  propagation  speed  of  the  bursts,  are  expressed 

LL  -  4r-  -  UT  -  IL  -  1/2  (UT  +  Uj  (7) 


respectively .  L*  represents  the  locgi^fidin&l^lengfh  of  the  bursts.^  The^expericental  results  obtained  in 


this  study  give  U  SS.66U  (s)  and  0  SS  .84U  (x)  ss  compared  to  l)„53.38U  and  U  53 
Klebanoff  date.  °  *  C  fi  Gee 


69U  fron  the  Schubauer  and 

a 


Figure  20  illustrates  tha  reported  geometrical  ahape  of  a  burst  along  with  the  downstream  growth 
envelope.  Fron  the  figure,  one  can  easily  derives  c  relation  between  the  half-angle  of  the  growth  envelope, 
a,  and  the  interior  wedge  angle  of  the  bursts,  0^  is 


ten  a  * 


(-5— 2 -)  tan  6 


(8) 


Again  for  conguriaon,  the  test  data  gives  can  0532*13  tan  9,  while  the  Schubauer  and  Klebanoff  data  gives 
tan  atd.76  ten  9. 

To  examine  sore  carefully  the  buret  geometry  along  with  the  growth  features,  some  measurementa 
were  made  with  two  microphones  taunted  at  the  seuo  downetresa  distance  fron  the  leading  edge  but  with  a 
spatial  separation  trtmsvorss  to  tha  flow.  This  was  done  in  order  to  observe  the  width  of  a  burst  as  well 
es  to  compute  the  interior  wedge  angle  9.  Figure  25  shove  oscillographs  for  a  range  of  interaittenciea  for 
two  pressure  transducers  separated  in  Che  transverse  direction  to  the  flow  by  17/32  inch.  It  it  seen  that 
nost  bursts  pass  simultaneously  over  both  flush  mounted  pressure  transducers  separated  by  this  distance.  A 
few  fairly  short  bursts  ere  noticed  to  have  passed  over  only  one  transducer.  Pigure  26  shovs  oscillographs 
for  e  range  of  intermlttenciee  fc-r  two  transducers  with  1-1/8  inch  transverse  separation  distance.  For  this 
transverse  eeparetion  slightly  wore  variation  is  detectable  between  the  burat  signatures  it  the  tvo  trans¬ 
ducers.  Some  differences  are  detectable  between  the  arrival  and  departure  times  of  the  bursts  at  the  tvo 
transducers  and  sevarr.1  bursts  ere  coted  which  pass  over  only  one  transducer.  Figure  27  shows  oscillographs 
of  the  signals  of  transducers  with  2-1/4  inch  transverse  separation  distance.  Kow  a  lerge  degree  of  inde¬ 
pendence  is  aseo  between  tha  tvo  signatures. 

By  measuring  the  time  differenca,  At  ,  between  the  detections  of  the  leading  edge  of  e  burst  es 
observed  by  tvo  microphones  with  As  transverse  separation  distance  end  at  identical  downstream  distances, 
ths  Interior  wedge  (angle  cm  be  computed.  Tha  equation  le 

ua  8  *  srlfL  (9) 

From  data  cakcr.  free  ealactod  buret,  clearly  Identified  aa  coincidental  to  both  microphone*, 
tfca  angle  8  was  computed  as  10°<9_<15G  and  in  reasonable  agreement  with  Schubauar  and  Klebanoff  which  ob¬ 
served  6ial5°. 

By  attaining  Equation  <81  fer  tha  angle  a,  the  ssximua  growth  angle  is  computed  an  32530°  com¬ 
pared  to  <35311°  from  the  earlier  study.  This  clearly  Indicates  a  smaller  width  of  transition  than  was  found 
in  tfca  Schubauer  end  Klebanoff  experiment*.  This  i»  Sc  discgrocacnt  with  the  empirical  reistioa  established 
by  CAawoa  and  Karaaimfca  [3]  which  predicts  insrmeeir.j  width  with  increasing  Reynolds  number. 


Probability  Distribution*  of  tha  Burst  Period 


Wfce n  observing  ths  distribution  of  burst  periods  in  an  oscillograph  rscnr*  from  s  microphone  sc 
position  r,  toms  insight  caa  fee  gained  00  ths  spstisl  origin  of  the  burst  formation  at  points  ?0  since  t»* 
convective  and  growth  velocities  sra  conetaato  along  the  dovnatrsaa  path.  For  *n  isolated  burst,  a  relation¬ 
ship  css  be  derlvod  for  tha  upetrsa*  origin  x  which  it 

C  t? 

<x  -s„)  -  1/2  (—'  15  (t,)  (10) 

■  0  t  V  s  5  mix 

vfcara  x  la  tha  mlcropfco.ee  position.  §y  nsglccttng  the  slight  variation  la  U  (x) ,  tfca  burst  parlod  *t  tbs 
eaocerlTea  of  the  burst  **  to  the  propagation  dlstanrt  t^st  the  burst  has  trevelled. 

Sfewver,  it  should  be  cecsb  **ffcet  e  burst  with  period  7  dotected  at  point  F  can  is  *)th*r, 

*.  An  isolated  ourst  originating  exclusively  at  point  P  , 

b.  the  merging  etsd  interacting  of  two  or  mars  burets  originating  at  diff stent  spatial  positions, 
or 

c.  tha  super p.-s is ica  of  two  or  mors  bursts  with  rcn-dstwctnblc  ecpsrutier.  tinea. 

Pv  rthonaprs,  by  ufeearvtcg  vs  oscillograph  rsccr  cl  the  inte  aictert  pressure  field  erv*  esnsot  d'ltlnguish 
catveen  T  ,  the  burst  period  along  its  arbitrary  section  of  l  is  wedge  shaped  burst,  end  (t  }  ,  the  canter- 
Use  period .  8 

Figures  28  sad  29  show  the  dlatrib-ut  ion*  of  ths  froqofJtry  of  occurrence  ratios  for  bursts  o? 
different  periods.  Tuc  frequency  rs-tlo.2,  is  defined  u  the  ratio  of  the  cumber  of  bursts,  n,  of  t  given 
period,  'a.  with  that  of  ths  total  cumber  of  burets ,  K,  e 


ftgur^r  value- 

>~tL 


observed  i- jr'ng  a  finite  tine  sample  T.  In  each 
c  were  tefeuleted  for  s  range  of  At^,  i.s.,  n  values  wisro  -Jetereired  for 


S 


“  •  r&era  Av^-  .0025  ascend*.  Tfca  distribution  shove  in  Figure  29  vs*  in teraicai  fvoe 
te  Aver  a  ccr.ticuous  33.7  eerotid  c-sci llcgranh  record  of  the  intaimitctnt  pressure  tierd 


which  hid  «ji  interaitteacy  factor  of  va»  found  tost  subsstc  of  »-150  buret*  provided  rtaacn ib  1  r 

good  epproxinatioea  to  theae  diettibutioae.  Figure  29  shows  that  vhan  tha  intermitteroy  valve  has  acre 
than  doubled  to  c  value  of  Y”-4M,  tfca  general  featuree  of  the  dietributsons  do  net  chaces  elgnlficantly. 

Ac  tfca  higher  ioteraitteocy  lavale  a  cotiteble  inertaaa  in  some  large  buret  periode  i-  vbsarvad  pesaiblr 
indicated  eore  frequent  occurreace  of  merging  o£_burete.  In  both  cases  shewn,  the  diatributicr.e  of  t 
eM  cot  syrmetric  shout  tha  aaoa  bunt  period,  T  .  In  Figure  28  equations  of  tbx  p*---er'l  l«ra  of  a  Foieson 
and  Rayleigh  distribution  function  art  t..ovo  which  epproximatsly  fit  the  sxperimantal  result*. 
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Figure  30  shows  the  variation  of  average  hurst  period,  t_,  with  intermittency  factor,  y.  It 
i*  coted  that  If  one  neglects  aoae  data  points,  r  is  approximately  corat ant  at  low  levels  of  intermit tency. 
(However,  closer  inspection  of  the  data  In  Table  3  Indicates  that  for  those  data  runs  with  pairs  of  micro¬ 
phones  with  e  streaah'ise  separation,  T  always  increases  slightly  with  lnc.maalng  intermittency.)  As  y 
increases  above  a  value  of  y».7,  t  increases  rapidly  towards  the  limiting  value  which  equals  the  record 
period  since  the  boundary  layer  becomes  fully  turbulent  at  y-1. 

It  should  be  noted  that  the  length  of  the  burst,  L* ,  is  related  to  the  burst  period,  t  ,  by 
the  expression  L'-U  T  .  Therefore,  the  data  also  represents  the  variation  in  the  average  burst  leSgth  I7" 
at  fixed  position  P. 


Again 


The  measured  values  of  the  burst  rate  f_  are  shown  in  Figure  31  for  the  range  of 
,  neglecting  some  data  points,  the  number  of  bursts  per  second,  f  ,  is  seen  to  increase 


y  values. 

,  - - .  „w  _ _ _  linearly  with 

increasing  y,  reach  a  maximum  of  about  30  bursta/second  at  YSSO.7,  and “then  decrease  to  zero  as  the  bursts 
merge  into  fully  developed  turbulent  flow  at  y-1.  Table  III  summarizes  some  of  the  results  plotted  in 
Figures  30  and  31. 

Using  the  definition  of  intermittency,  one  can  show  that  at  some  point  P 

b  T. 


hence 


y(P)  -  1-1  1 

*total 


IbJL 

Ttotal 


B  B 


(11) 


xB  -  y(P)/fB(P).  (12) 

This  equation  leads  to  the  interesting,  observation  that,  when  the  burst  rate  varies  linearly  with  the  in¬ 
termittency,  the  average  burst  period  T_  remains  constant.  At  low  levels  of  intermittency,  the  weak  depend¬ 
ence  of  t  on  y  displayed  in  Figure  30  and  the  approximate  linear  variation  of  f£  with  y  in  Figure  31  is 
consistent  with  this  observation. 

These  results  seem  to  give  some  support  to  the  argument  that  during  the  initial  stage  of  the 
burst  growth,  prior  to  the  merging  of  the  bursts,  new  bursts  are  being  generated  at  a  uniform  rate  with  in¬ 
creasing  downstream  distance.  However,  until  mere  refined  data  la  obtained,  one  cannot  rule  out  the  pos¬ 
sibility  that  bursts  are  being  generated  at  fixed  locations  on  the  plate,  e.g.,  where  slight  protuberances 
exist  and  that  the  burst  rate  increases  with  increasing  speed. 


Measurements  of  Mean-Square  Pressure  of  Bursts  Signals 

Figure  32  shows  the  ratios  of  the  mean-square  values  of  the  intermittent  pressure  field  to  the 
reference  level  at  which  the  boundary  layer  just  becomes  fully  turbulent  (yl) .  The  signals  were  passed 
through  a  1500  Hz  (6  dB  down)  high  pass  filter  before  the  RMS  values  were  measured,  to  remove  vibration 
induced  noise  components.  However,  the  SMS  ratios  shown  in  Figure  32  did  not  change  significantly  when 
the  measurements  were  repeated  without  the  high  pass  filters.  This  data  can  be  seen  to  satisfy,  reasonably 
well,  the  relation  [19],  _  _ 

P2  (Y)  -  Y  p2  (yi)  (13) 


4.3  Probabilistic  Model  of  Transition  Bursts 


Emaons  [27]  has  developed  a  statistical  theory  related  to  the  prediction  of  the  intermittency 
y(P)  measured  at  a  point  P  due  to  velocity  burst  formation  at  points  P  upstream  of  P.  Assuming  the  existence 
of  a  source  density  function  g(xo,z, tQ),  Emmons  [27]  and  Stsketee  1 28 J  derived  the  relation 


«<v 


dV 


(14) 


Y(P)  -  1  -  exp 

where  dV  -  dx  dz  dt  and  the  Integration  is  performed  for*all  points  lying  in  the  cone  which  defines  the 
domain  of  dependeRce°volume  R  of  point  P.  Eaznons  considered  the  case  when  g-Conatant.  Naraahimha  [29] 
assumed  that  burst  can  be  generated  in  a  reatrlcted  region  along  a  line  perpendicular  to  the  flow  and  as¬ 
sumed  g(x  )  can  be  approximated  by  Dirac's  delta  function.  Eamona 1  statistical  analysis  allows  one  to 
predict  tfie  numbers  of  bursts  per  second  and  average  burst  period  along  with  other  burst  features. 

Inherent  in  Emmons '  analysis  is  the  requirement  for  experimental  data  on  the  propagation  and 
geometrical  features  of  the  bursts.  The  data  presented  in  this  paper  partially  fulfills  this  requirement. 
The  authors  are  currently  attempting  to  use  the  Emmons'  model,  along  with  experimental  data  to  resolve  the 
question  of  the  nature  of  the  spatial  distribution  of  tha  burst  formation,  or  more  expllcltely,  to  derive 
or  confirm  an  expression  for  the  source  density  function  g. 


4.4  Spectral  Features  of  Transition  Bursts 

— 2 

For  a  stationary  random  process  the  mean  square  of  the  wall  pressure  p  ,  (shown  versus  Y  in 
Figure  32)  is  related  to  the  pressure  spectrel  density  20(f) ,  by  the  relation  2  ....  where  we 

integrate  over  positive  values  of  frequency  f.  Jo  '  f  * 

Measurements  were  performed  of  the  physically  realizable  power  spectral  density  denoted  by 
24(f),  employing  a  digital  spectrum  analyzer. 


Spectra  of  Intermittent  Prase jre  Field 

Figure  33  shows  the  power  spectral  densities  of  the  wall  pressure  field,  measured  with  tha  flush 
mounted  1/8  inch  pinhole  microphone  for  some  of  the  data  runs  of  Table  III,  over  the  range  of  intermittency 
factors  from  zero  (no  turbulence)  to  1  (fully  turbulent  flow),  These  power  spectral  densities  were  deter¬ 
mined  for  an  averaging  time  which  Included  many  alternations  of  the  calm  and  turbulent  burst  regions  in 
the  intermittent  flow  which  passed  over  the  measuring  point  on  tha  plate  surface.  These  results  indicate 
that  once  turbulent  bursts  occur,  even  though  comprising  a  smell  fraction  of  the  total  averaging  time  of 
the  data  sample,  the  power  apectral  density  of  the  pressure  field  jumps  some  30  dB,  or  more,  above  that  of 
the  laminar  boundary  layer.  As  the  intermittency  factor  increases,  tha  spectral  densities  increase  system¬ 
atically  to  the  maximum  value  at  the  fully  turbulent  condition. 

To  obtain  a  measure  of  the  statlonarlty  of  the  procaaa  associated  with  the  Intermittent  pressure 
field,  the  spectral  density  computations  were  repeated  for  four  or  more  different,  non-overlapping,  3.2 


,.w 


Copy 


••coat!  time  periods  for  each  value  of  the  intermitteucy  factor  shovn  in  Figure  33.  At  each  value  of  y, 
the  maximum  spread,  A,  in  the  values  of  the  spectral  density  determined  for  the  different  data  samples  is 
shown  in  Figure  33. 

Spectra  of  Turoulent  Burst  Region  of  Intermittent  Pressure  Field 

Figure  34  indicates  the  range  of  the  spectral  densities  measured  for  the  turbulent  portion  of 
the  intermittent  pressure  field  over  the  range  of  intermittencise  from  0  to  1.  These  spectra  were  deter¬ 
mined  by  the  digital  analyzer  which  triggered  its  sailing  procese  on  each  of  64  consecutive  hursts  of 
the  intermittent  pressure  field  and  graphically  displayed  the  average  of  the  64  individual  power  spectra. 

Each  of  the  64  apectra  was  determined  by  the  analyzer  for  an  averaging  time  of  .0125  aeconds.  Since  this 
averaging  time  is  significantly  less  than  the  average  burst  length  (see  Table  III,  Chen  6-data)  the  spectra 
in  Figure  34  represent  the  frequency  distribution  of  the  enarfey  in  only  the  turbulent  regions  of  the  inter¬ 
mittent  pressure  field.  As  con  be  seen  from  the  figure,  the  spread  in  the  spectra  vat  leas  than  2  dB  over 
the  range  of  intarmittency  factors.  This  reault,  together  with  those  of  Figure  32,  indicates  that  the 
average  fluctuation  amplitudes  in  the  intermittent  wall  pressure  bursts  remain  essentially  constant  after 
burst  generation  end  equal  to  those  in  the  fully  turbulent  boundary  layer.  In  addition,  although  the  pres¬ 
sure  borate  heve  beta  found  to  grow  in  atreaiari.se  length  as  they  correct  with  the  flow,  there  is  no  apparent 
change  in  the  frequency  distribution  of  the  energy  with  changing  internal  ttency  factor.  Putu , e  lap  ■cvementa 
in  the  plate's  low  frequency  vibration  levels  belcv  1  Sols  and  in  the  equipment  high  frequency  response 
should  permit  detection  of  soy  subtle  changes  in  shape  of  pressure  burst  spectra  as  vail  as  any  low  fre- 
■jucnc;  periodic  oscillations  in  the  calm  regions  between  bursts. 

The  fully  turbulent  wall  pressure  spectral  densities  comparted  well  with  those  of  other  investi¬ 
gators  when  soc-dimtensioniillzed  in  teres  of  p,  6*,  and  bM,  end  displayed  as  a  function  of  a  Stroufcal  number 
f§* 
fj*  ' 

i.  5W6JARV  AKD  CCHCUJSiOHd 

A  flat  plate  test  fixture  was  carefully  designed  to  provide  laminar- turbulent  flew  under  r  on- 
trolled  etvironeent  its  s,  newly  completed  Ac  echoic  flow  Facility,  Baiqua  saaiioresanta  were  made  an  the  wall 
pressure  fluctuations  to  give  ineight  wo  t'aa  natural,  transition  procass  and  extend  the  pioneering  work  per- 
fontsd  at  the  Netiouol  Bureau  of  Standards,  Tha  primary  effort  of  thia  investigation  vsm  directed  in  ob¬ 
taining  the  spatial,  temporal  and  spectral  LcmSairaa  of  the  bursts  erupting  during  the  natural  transition 
process. 

Tha  laibiaar  flaw  eivcg  the  flat  plate,  prior  to  me  transition  process,  was  measured  and  found 
to  be  in  agraa&ant  with,  thst  predicted  by  tha  bouadary  isyev  equation*  for  the  etas  of  &  nlld  tsvorsbia 
pressure  gradient.  The  pressur*  gradient  significeatly  delayed  the  onstt  of  trawl  tier,  and  resulted  in  the 
transition  Reynolds  buefcur  thrsa  else*  larger  than  these  la  a.  ;tro  preaiura  gr-tHenf  anvirvuiaunt .  Further¬ 
more,  it  appeared  that  tha  first  stags  of  tha  transition  pjoceaa  vex  notieabi,  affected  by  tha  praaaure 
gradient.  For  this  etaijs,  at  low  flow  epseda  (BJ5J 100  fpa)  tha  boundary  layer  cotepvutBttcot,  tupperttd  by 
ecue  stability  cons idorat ions,  indicates  that  eh?  TotlKnln-Schl; chting  woven  era  initially  disturbed,  grow 
to  finite  ocpUtuda,  and  then  dsapmd  out  further  downstream,  At  higher  flow  apeede  (IM55  163  fp»),  the  T-S 
w*v*a  grow  to  licit*  ampliin&a  and  cubssquuntly  tsccs  thw  burst  gtcesrstiug  eauharriarv  dwricteriatic  of 
;ha  e-cood  stage  of  transition,  to  occur  e*urte§  tha  collets  natural  transition  procese. 

Tbs  dsteilad  fsaturea  of  the  propagating  borate  srrpticg  in  th?  boundary  layer  vor*  ootsinsd 
by  asaiurosante  of  the  wall  prseauta  signs torts,  Cecil lesrapu  r scoria  of  the  microphones,  after  filtering 
the  plete'e  vibration  bslow  tba  2500  8x  range,  eltarly  displayed  ?-b*  ioter»ltt*Ef  nature  if  htu  bursts. 
Siasiltanaaua  record-'  era  included  for  micrwpheeef.  poaifciccod  both  in  the  loegitudinAl  *nd  trossvaraa 
posit  loss,  the  coKSiHstatioAX  of  the  spatial  features  Include  cb*  eanrmnhlvw  velocity ,  B ,  burst  growth  rets , 

0  ,  growth  mugla,  a,  **d  interior  wsdg*  «9*la,  0.  Thai*  era  in  qeslltr.tiv*  BgraaMat  with  tit*  data  obtained 
at  KSn  for  «An  fcersta  in  the  velocity  field  allowing  for  diffareccea  which  exist  eioca  the  prexxur*  gradient 
etwlrwu^et  Sot  beta  #speri*ssva  are  mot  identical. 

iSse  probability  clytti!>«tici«  of  burst  periods  vwrt.  obtained  tret  tha  rtcor<5.»  sad  ooe^avstiowi 
ts*  th-n  intsrsilttfcisy.  t,  ev'rrogs  fecrat  par  ltd,  t„,  end  burst  frequency  fg  ware  p«rfora*d.  Sosw  insight  fc*a 
b*i£  seised  oo  tbe  ervstisl  of  tha  buret  fSruntios  but  further  analytical  and  anporimeetai  work  i* 

roqatrec. 

the  sasnssrwseats  of  the)  m*ju%-^sar«  pressera  of  burat  stgwsls  were  tad*  indicating  s  linear 
T«lstiec  with  the  factor  of  the  form,  p^  (a)  “  <a**l) .  Fewer  epactral  deneitiee  of  tba 

wall  preesure  eccswtcassis  ter*  mods  for  both  the  total  init*«dtt«at  eigtalt  aad  for  tha  individual  bureta. 
The  raawlt*  iaaicete  that  osc*  tha  eH^Jamat  isdlcsticq  <>S  eyibuiset  burst*  occur,  the  pow*r  #p*ctr«l  dsoalty 
Jonpad  some  .54  4i  ehev*  tlsev  sf  th*.  isssf&isr  flow  with  »*#sati*Hy  little  cfaags  in  tse  frsquattcy  dietribution 
«s  tk#  lsr«rmitt«6cy  incrsM*.  Vurtitjtn^ve,  sp*et««  of  else  individual  bursts  sVw  th«  the  sw«t«g* 
fastnr^e  of  both  ts«a  snplitwdco  tad  froqsie^y  diatrllwKioax  mseantially  rmsain  noaatart  over  the  full  rai^s 
of  imiarmittetcy. 
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ON  THE  INTERACTION  BETWEEN  A  SHOCK  WAVE  AND  A  VORTEX  FIELD 


A.  NAUMANN  +,  E.  HERMANNS  +  + 
Aenodynaml  senes  Inst  I  tut  der  Techn.  Hochschule  Aachen 


SUMMARY 

In  a  double  side  shock  tube  the  flow  pattern  produced  by  the  Interaction 
of  a  weak  shock  wave  with  a  vortex  field  Is  observed  by  means  of  Maeh- 
Zehnder  Interferograms;  the  vortex  circulation  and  the  pressure  ratio 
of  the  shock  are  varied.  The  evaluation  of  the  Interferograms;  give  the 
time  dependent  density  fields.  The  deformation  of  the  Interacting  shock 
leads  to  a  discontinuity  In  slope  of  Its  front  and  to  the  formation  of  a 
secondary  wave  from  the  sharp  bending  point.  With  the  assumption  of 
linear  superposition  the  flow  pattern  can  be  explained  In  a  very  good 
agreement  between  the  1  he  ore  t  leal  and  experimental  results. 


Introduction 


Since  Lighthlll  [ij,  Rlbnor  [2,3]  and  Kov3sznay  [  5]  have  published  the  first  s/elamatte  In¬ 
vestigations  on  the  noise  generated  by  flows,  many  Intere-tlng  work  has  been  done  by  several  authors 
trying  to  explain  the  physical  features  of  the  noise  generation.  Inside  of  a  turbulent  mixing  zone  In¬ 
coherent  density  disturbances  ere  Interacting  with  each  other  or  with  wnvas  produced  by  the  distur¬ 
bances  themselves.  Such  fields  of  pressure  disturbances  con  be  generated  by  velocity  or  Sumter  utur* 
Inhomogeneities  too.  Rlhner  [  A]  showed  the?  the  Interaction  produces  secondary  pressure  v*&vos, 
th.  m.  eound  waves.  In  total  these  emitted  pressure  waves  or  density  waves  peep.  represent  the  -else. 

The  process  as  a  whole  Is  a  very  complicated  one;  so  It  eeema  to  be  useful  to  study  system¬ 
atically  the  detail*.  This  paper  reports  efap:  one  example,  namely  the  time  dependent  Interaction 
between  a  vartox  field  and  a  pressure  wave  of  Vfsak  Intensity  [  H],  W«  feel  this  m«y  b®  one  .</le- 
ment  In  the  manyfold  noise  generation  phenomena. 

Without  go'ng  Into  details  we  remember  to  the  enalogous  experimental  and  theoretical  Inves'l- 
gatlons  of  Rlbner  [3,3,5],  Holltngworth  end  Richards  [6,?],  Oossttih  and  Weefce  f&.9,  to]  *.«. 

Exaerlmsntsi  methods 

The  experiments)  equipment  Is  a  dcsubJ*  side  shock  tuba  (fig.  1).  in  the  left-hand  high  preisuro 
part  HD  II  e  weak  shock  wave  Is  excited  £>y  (he  bursting  of  the  diaphragm  Mb  II;  the  wove  produces 
e  kind  of  starting  vortex  st  the  trefling  edge  of  a  profile  In  sh*  test  chamber.  Then  In  the  adapted 
momsn;  the  interacting  shock  wove,  vtblch  Is  exalted  In  the  nlghi-hend  high  pressure  part  ho  1,  lc 
running  from  rigid  to  left  Into  this  verfex  fl«ldL  3 


Fig.  t  Sketch  of  the  shock  tube  «d  swttchkv;  biased  of  the  *!«£**<**£ 


*  Psrofssser  Or.  ,  Director  of  the  fcwt. 
Or.  -tng. 


Fi?.  2  shows  the  w tax  and  Its  drift  from  the  trailing  sdge;  on  the  left  the  trailing  edge  of 
the  profile  can  be  seen. 

In  order  to  observe  the  flow  field  and  to  evaluate  the  density  field  we  used  a  Mach-2ehnder 
interferometer.  The  interferograms  were  taken  by  a  high  spaed  camera  construetad  in  our  institute. 
Tlie  camera  is  a  multiple  spark  camera  simitar  to  the  well  known  C^anz-Schordin  system;  it  gives 
series  of  eight  pictures  with  a  froepuervey  of  1  MHz;  the  pictures  have  a  diameter  of  5  cm  each.  The 
development  and  the  optical  and  electronic  calibration  havo  Peesi  carried  out  by  tny  former  cowor¬ 
kers  Dr.  Hermtiims  and  Dr.  Schultz  [11,12,13,14,15].  A  small  parallaxls  of  the  light  beams  cros¬ 
sing  the  test  chamber  and  the  disposition  of  a  high  voltage  circuit  with  an  electrical  energy  of  200 
wattseconds  [  14]  are  very  important  preconditions  for  the  use  of  the  camera.  It  is  clear  that  the 
electronic  control  Is  one  of  *he  deciding  features  for  the  success  of  the  testing  procedure.  This 
control  concerns  the  exact  triggering  of  the  bursting  of  the  diaphragms  as  well  as  the  triggering  of 
the  spark  camera. 


From  the  great  number  of  our  interferograms  a  first  example  is  shown  in  fig.  3.  The  pressure 
ratio  of  the  interacting  shock  is  1,20.  Again  on  the  left  one  sees  the  trailing  edge  from  which  the 
vortex  has  been  started.  The  shock  wave  has  produced  the  vortex  and  is  run  cut  o‘  the  picture  on 
the  right  side.  Coming  from  the  right  the  interacting  shock  wave  reached  the  test.ng  rvgivn;  it  is 
nearly  plan  yet.  About  100  ^secs  later  (c)  the  wave  becomes  curved  Immediately  before  is  reaches 
the  vortex  center;  this  happens  in  fig.  3  d.  This  moment  is  chosen  as  t  “0.  Then  only  a  few  micro¬ 
seconds  Ister  a  discontinuity  in  slope  of  the  shock  front  occurs  and  from  h-are  a  secondary  wavs  is 
formed.  This  wave  is  considered  to  be  a  sound  wave.  Than  this  secondary  wave  becomes  stronger; 
the  region  into  which  it  radiates,  defined  by  the  (not  exactly  determinabla)  spreading  angte^,  en¬ 
larges.  The  fig.  3f  has  been  taken  42  ^jsecs  and  the  fig.  3g  72  ^tsecs  after  the  shock  had  reached 
the  vortex  center.  The  intensity  of  the  secondary  wave  has  its  highest  value  at  the  discontinuity 
paint,  decreases  gradually  and  disappears  finally  at  the  spreading  angle  y  dependent  on  the  inter¬ 
acting  shock  intensity  and  on  the  ’vortex  strength. 

The  characteristic  experimental  parameters  ere  the  strengthes  of  the  vortex  and  of  the  Inter¬ 
acting  shock  wave,  Tht  first  ont  can  be  varied  by  the  producing  wave;  but  till  now  It  was  not  pos¬ 
sible  to  find  a  good  method  to  measure  exactly  the  vortex  circulation  (see  [16]).  The  Intensity  of 
the  interacting  shook  can  b*  represented  by  lie  pressure  ratio  or  by  the  shock  Mech  number. 


d  6  f 


Fig.  2  Drift  of  the  vortex,  Intcrferc-gratr.. 
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The  quantitative  evaluation  of  the  Intorferograms  Is  a  hard  work,  t>ecause  no  proper  device 
iike  an  optical  equipment  combined  with  a  digital  computer  was  available  till  now.  The  density  distri¬ 
bution  Is  gained  along  the  direction  of  the  radii  r  for  different  azimuth  angles  (fig.  5)» 


Fig.  5  Notations 

Ttw  -shock  wave  Is  running  from  the  right  to  the  left;  only  the  half  of  the  vortex  field  is  drawn  In; 
this  crosses  mark  tl*e  field  of  the  observation.  One  example  for  the  density  distribution  may  be  shown 
in  fig.  6;  It  corresponds  to  the  fig.  <3  for  t  -  &t)  /wee. 


Fig.  3  OeneU..-  distribution  sfdng  the  radius  r 

B®ca*-!s»  the  iatcginefSttn  of  such  a  ©ewptlcawd  field. Is  aesnewStss  dffSkxait,  the  i&wsliy  profiles 
of  one  serie,  namely  of  the  isut  she&n  one,  lwv>'  been  WMWim  k»  gypsum;  wsb  wtedted  eases  are 
shown  In  the  fig.)  f  and  S.  in  the  censer  ono  eswa  the  dsprsssUxi  trj  ifso  ver<* a»  FIs,  ?  Is  taken  #J 
t  “  13  ^»ec,  th,w<,  Immediately  after  th»  shock  hik>  passed  over  t)v>  -voreax  esnWH%  The  S^ms  m- 
present  density  cocuour  lines.  The  shock  wave  came  from  the  direction  0  ;  Uwratfero  1st!  (nltUJ 


plan  was  parallel  to  the  axis  -90 90  {fig.  5).  On  the  bending  point  (2)  sons*  with  different  <ten- 
•Ity  levels  come  together,  produced  by  the  strong  front  (1),  which  runs  against  tfw  ve'ocity  of  the 
gas  particles,  and  by  the  weaker  wave  {£)  which  runs  In  the  direction  of  the  flow  of  the  vertex  field 
The  maximum  of  the  density  discontinuity  occurs  at  the  bending  point  (2). 

Fig.  8,  corresponding  to  the  picture  fig.  4g,  shows  the  state  80  ^»secs  lalor  than  fig.  ?.  Now 
the  maximum  of  the  density  discontinuity  takas  place  as  t  distinct  peak,  from  which  the  sound  wave 
has  its  origin.  Between  the  vortex  center  and  the  wave  (5)  a  saddie  is  formed  in  the  density  relief. 
Finally  the  ratio  of  the  density  Jumps  of  the  fronts  (1)  and  (s)  ®t  the  crossing  point  (2)  is  nearly 


Fig.  9  V  -wh-Zehncter-  Interferogram 

string  vortex;  strong  shock  wave  t  «*  ©3  ytieec 


Rg.  10 

With  increasing  shock  Intensity  tbs  pru(>  age  tier  conditions  of  the  th&ck  *cd  nc'-sa  fronts  ?  *e 
influenced  by  the  convection  tn<(  tho  temperature  increase  iKhtnd  (he  shock.  In  >;;#  fig.  9  additional 
contact  senes  th.  m.  entropy  diseentifKiitfes  occur;  they  ■'orm  a  kind  of  curves  funnel.  This  Is  scheme 
tlcaUy  sketched  In  fig.  JO.  The  Interacting  oeint  A  bet.  v*  an  ,he  shock  front  (i)  tssvd  noise  wave 
front  *4)  as  well  (**  the  contact  point  Q  between  tTv»  frosrtsfS)  end  (3)  da  .tot  coincide;  but  there  is 
a  front  section  AS  which  enlarge*  w*th  time.  The  reason  for  this  may  be  seen  !n  the  htghor  speeds 
downstream  of  the  fronts  ii)  and  (5).  tn  the  region  behind  Aa  a  density  decrease  occurs;  and  the 
limits  AC-*  and  BC  have  the  ehertseter  of  tairapy  discontinuities!  the  pressure  is  the  seme  on  both 
Side*,  but  the  tempore'.unee  ere  different.  In  the  yore  AS C  (he  temperature  is  higher  and  the  densi¬ 
ty  is  tower  thsn  in  tho  region*  neighbouring  with  AC  end  OC.  In  this  esse  s  finesrlied  description 
of  the  flow*  behaviour  ie  tnednv'eelble. 
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A 


Fig.  5!  Designing  of  the  wav®  fronts 
wurr  Huygens  principle 


pig.  ia 

©  *  wev*  speed 

v  *3  yi'fk-i*  spaad 

vs  *  propxsfetjlon  tpeod  of  the  shock  front 


Physical  explanation 

In  order  to  give  a  physical  inter¬ 
pretation  of  the  observations  a  graphic- 
numerical  treatment  was  used.  As  the 
first  step  this  was  a  purely  graphic 
method  based  on  f+iygens  principle; 
this  glvas  no  quantitative  determination 
of  the  distribution  of  the  wave  Insenelty; 
but  the  position  end  the  form  of  the  shock 
front  can  be  well  seen  as  the  envelop 
of  the  cylindrical  elementary  waves 
(fig.  11).  Starting  from  an  observed 
Initial  shock  taken  from  the  photos  the 
fronts  can  be  designed  step  by  step. 

The  small  circle  x  ®  y  «  0  la  the  posi¬ 
tion  of  the  vortex  center. 

A  more  quantitative  treatment  be¬ 
comes  possible,  when  the  propagation 
of  a  wave  element  and  by  this  the  time 
dependent  deformation  of  the  wave  form 
Is  gained  as  the  vectorial  sum  w  of 
the  wave  speed  c  and  the  local  spaed 
v  of  the  fens  particles  (see  fig.  13),  If 
one.  assumes  incompressible  behaviour 
of  the  atr  and  n  low  (th.m.  acoustic) 
wave  spaed,  so  that  the  linear  super-  { 

p  b  It  Ion  Is  admissible.  Whan  the  end  i 

point  a  of  the  pathes  uf  the  adjacent  wave  ' 

front  element®  are  dasltptod  using  the  j 

corresocnd!  g  speeds,  the  position  of  I 

•he  wave  front  due  to  die  time  element  j 

l  ♦  it  Is  found.  } 

\ 

An  enormous  number  of  vectorial  ) 

additions  !c  nece^ssery;  In  order  to  ob-  i 

lain  «  cufftc.ent  accuracy  this  could  be  f 

do«e  by  us®  of  a  computer  v  *tk  e  High 
storage  capacity  and  e  high  calculation 
vetoe.iy  only. 


1 


I 

S  ' 


:&c.*** 


o  » 


Ftg.  13  Propagation  of  the  wav*  front  in  a  vortex  field 
(eorresp.  fig.  3) 

V  -  70  m/s  c  -  335  m/a 

max 


Flfl.  13  glvtts  an  example,  calcu- 
leted  fop  the  case  of  fig.  3;  the  Initial 
value*  fop  the  wave  form  were  taken 
from  fig.  3d,  the  vortex  field  from  a 
measurement  [  16] ,  So  we  have  the 
tame  Initial  situation  as  In  fig.  11.  Tit# 
time  step*  are  0, 25  yuceej  In  the  dia¬ 
gram  only  each  fortieth  wave  front  and 
each  forth  path  are  plotted.  Already 
after  10  jm* ca  the  shock  front  shows  a 
discontinuity  In  slope  and  two  reversing 
points.  The  region  between  the  two 
front  sections  is  growing  with  Increa¬ 
sing  time;  the  divergence  of  the  stream¬ 
lines  Is  equivalent  to  s  cScresse  and 
the  convergence  to  an  increase  of  the 
pressure  amplitude  of  the  wave  front 
element. 

For  comparison  the  obaerved  shock 
front  form  after  t  -  49  /usee*  has  been 
drawed  tn;  tha  differences  are  relative¬ 
ly  small  and  may  be  caused  by  the 
simplifications  mentioned  above,  namely 
the  assumption  of  constant  entropy  and 
constant  temperature  In  the  whole  field. 
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SUMMARY 

An  optical  method  was  used  to  investigate  the  instantaneous  structure  of  the  wall  pressure  under  a  tur¬ 
bulent  boundary  layer  flow  in  air,  The  optical  apparatus  consisted  basically  of  a  Michels  on-interferome¬ 
ter.  One  mirror  of  the  interferometer  was  replaced  by  a  reflecting  flexible  wall,  which  was  also  part  of 
the  wall  bounding  the  flow  being  investigated.  The  turbulent  wall  pressure  fluctuations  cause  the  flexible 
wall  to  be  displaced  by  several  light  wave-lengths.  The  instantaneously  occurring  fringe  patterns  were 
recorded  with  a  high-speed  film  camera.  The  wall  area  observed  was  48  mm  x  29  mm  (10.  5  <f*x  6.  5  6*), 
and  the  How  velocity  outside  the  boundary  layer  was  U  *8,5  m/sec.  The  optical  method  used  made  it 

possible  to  determine  the  instantaneous  values  of  the  wall  pressure  distribution,  the  convection  velocity 
and  the  wall  pressure  gradient 


LIST  OF  SYMBOLS 


a  radius  of  a  circular  membrane 

d  pressure -sensitive  diameter  of  pressure 
transducer 

e  distance  between  the  circular  membranes 

f  frequency 

fE  resonance  frequency 

l  distance  between  the  rove 

p  instantaneous  value  of  the  wall  presence 

fluctuation 

\  i>  v.  m,  a,  value  of  the  wall  pressure  fluc¬ 
tuations 

perit  crtt*c*'  pressure 

^  U*  dynamic  praeeurs  of  fee  free 
stream 

u  instantaneous  value  eA  fee  velocity  fluc¬ 
tuation 

x  coordinate  in  lbs  direction  of  tM‘  flow 

y  ecordfc***'  namat  to  fee  ussisissfeg 

into  the  fly  -■  (y  *  0  ctwreespas.#?  to  fee 
center  *  s  ftexifcfe  wall) 

♦  y  *  lV 

y  *  «■— uoa-dmiesafettst  .dMtta&ge  from 

¥  fee  watt 

*  coordinate  {fes'pendfeuter  to  fes 
of  flow  (*,  yt  s  form  ®  rigid-ferni 
ordinate  system) 
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diameter  of  the  flexible  wall 

characteristic  meaaure  of  the  flexible  wall 
(see  Fig.  6) 

Reynolds  number,  referred  to  the  momentum 
thickness 


thlckna 

■/? 


— y—  turbulonce  intensity 
free  stream  velocity 
shear  stress  velocity 
convection  velocity 
fecal  mseft  flow  velocity 
static  pressure  difference 
dM*Ks*  between  fee  pressure  transducers 
boundary  layer  thiefeiee^ 
dfepiafcssa«BS  thickness  of  fee  boundary  layer 
wave 

kfesaeatto  viscosity 


o  density 

Gi83s  shear  i&m*  «*  fes  watt 

J^L  ph&s®  angle  fettles  fee  driving  watt  pressure 
and  the  mtsafe-rsae  displacement 

angular  frequency 

&>  *  >*a*g*-  ems -  dim eaifesm l  angular  trecuanoy 

■ 


1.  iNTKOmJCTSDN 

Bowdiry  layer  praaaur*  ifectuatioas  are  direct  or  fedireci  m»t»*  of  nsis*  in  sppttca- 

tiott*.  For  featauea,  fee  notes  isutkfe  fes  festefege  of  ie  ettiss  oaas^fcy.  vstt  feasor* 

flactuattaag  outside  the  fuaafegfe. 

In  m«at  invaatifatfehs  boundary  lay-t t*  pgvcsui'b  fSactsiatioaE  war*  measured  wtibih*  ls@ljp  of  efec^co- 
aachanicBl  traoaduftertt  ttasameusted  iatha  watt  (wCaoent  to  fea  ffew.  For  th#  of  men-' 
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surements  mean  valueo  were  formed,  in  particular  the  r.  m,  *.  value  of  the  pressure  fluctuations,  fre¬ 
quency-spectra  and  -  where  several  transducers  were  used  -  correlation  functions.  Table  1  gives  a 
survey  of  these  investigations. 
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pressure  gradients 


■UHnlillk  ttatal* 

of  turtuiml  wall  pressure  fluctuations  on  smooth  flat  walls  wttfi  very  small 


In  the  work  reported  here,  a  new  method  is  described  which  made  possible  the  visualisation  and  mea¬ 
surement  of  the  instantaneous  structure  of  the  wall  pressure  field  using  a  mechanical-optical  flush 
mounted  transducer  plate  consisting  of  several  hundred  small  membranes,  the  displacement  of  which  is 
measured  with  the  help  of  a  Michels  on-interferometer. 

The  objectives  of  this  investigation  were: 

(a)  To  obtain  inaight  into  the  mechanisms  of  the  generation  of  boundary  layer  wall  pressure  fluctuations. 

(b)  To  use  thi*  insight  for  a  better  understanding  of  the  structure  of  boundary  layer  turbulence. 


2.  EXPERIMENTAL  ARRANGEMENT  AND  PROCEDURE 
2, 1.  The  method 

For  the  Investigation  described  hers  an  optical  technique  wag  used  for  the  measurement  of  wall  pressure 
fluctuations  under  a  turbulent  boundary  layer  flow.  The  arrangement  can  be  seen  in  Figure  1.  Bbuadary 
layer  flow  occurs  in  a  wind  tunnel  which  is  driven  by  suction.  The  optical  apparatus  cor»4rtw  bcMeally 
of  «  Mtchabioo-isterferomefor,  one  mirror  of  which  is  replaced  by  a  light-reflecting  flexible  wall  fiush 
mounted  in  a  wail  of  the  flow  duet  In  the  investigation  repotted  here  this  flexible  wall  consisted  of  an 
arrangomant  of  650  smell,  sllvcr-pUtcd  rubber  membranes  each  of  2.  5  mm  diameter.  The  displacement 
of  these  membranes  is,  for  a  wide  range  of  conditions,  proportional  to  the  local,  instantaneous  wall 
pressure,  This  displacement  produce*  in  tha  interferometer  a  fringe  pattern  which  can  be  photographed 
with  a  high  speed  camera  at  about  tOOQ  frames  per  second.  The  evaluation  of  the  films  bzn  been  done  to 
dxte  by  bend  and  is  very  time  consuming.  Improvement  of  the  evaluation  technique  is  planned  by  digitising 
fee  h-bigo  end  evaluating  with  a  digital  computer. 

%  2.  Th».|lpw  arrangement 

The  tmi  mztljQts  of  the  wind  t annul  h-*s  a  crisee  eeetloo  of  30#  mm  x  100  nun  and  a  length  of  3, 4  ta,  la  the 
inist  of  tiig  burnt  two-eete  of  drinking  straws  were  arranged  as  a  heniiyeoaib,  The  flow  i*  driven  by 
eactten  and  caattoAUsd  by  a  scats  nassle.  Great  earn  was  takes  to  ratines  nette  and  vibrations  in  tfen  whole 
amsgament  ffetf. detail*  ***  Section  .8, 5. },  Flow  p*  .wmefisr*  wero  Bteaaurwd  with  ihe  http  ef  atatic 
praao'irc  holes  in  the  tunnel  walla,  with  a  Pitot  tube  and  with  a  hat-wire  probe,  The  mcsiKuwaa ant  of  the 
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instantaneous  wall  pressure  fluctuations  was  done  with  the  flexible  wall  and  occasionally  also  using  micro 
phones  mounted  flush  into  one  of  the  200  nun  wide  tunnel  walls.  The  air  flow  investigated  had  a  flow  velo¬ 
city  of  about  *  8.  6  ra/aec,  where  is  the  velocity  outside  of  the  boundary  layer.  Because  of  the 

growth  of  the  boundary  layer,  U  increased  slightly  with  x,  causing  a  small  negative  pressure  gradient 

w 

(at  the  position  of  the  pressure  sensitive  wall  dp/dx  «  -53pbar/m).  More  of  the  flow  parameters  are 
shown  in  Figures  2  to  5.  [  J  I  |  "  I  ! 


DUtottt  yt+hMj 

Figure  3.  Velocity  profiles  in  the  test  faction 
(at  x  •  -ISO  mm,  measured  with 
total  pressure  probe) 


Figaro  3. 
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Turbulence  intensity  profiles  in  the  test 
section  (at  x  ■  -ISO  mm,  measured  with 
a  hot-wire) 
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The  coordinate  system  used  here  is  taken  so  that  its  origin  Uee  in  the  middle  of  the  flexible  wall.  The 
positive  x-axis  points  in  the  streamwise  direction;  the  positive  y-axle  extends  away  from  and  normal 
to  the  flexible  wall  The  z-axis  is  perpendicular  to  the  x-y  plane,  forming  with  them  a  right-hand  system. 

2.  3.  The  optical  apparatus 

The  arrangement  of  the  optical  apparatus  is  shown  in  Figure  1.  The  individual  parts  of  the  interferometer 
are  mounted  on  a  stable  steel  frame.  The  face  of  the  beam  splitter  facing  the  light  source  reflects  approxi¬ 
mately  50  °/o  of  the  incident  light  in  the  direction  of  the  pressure  sensitive  flexible  wall  section.  The  un¬ 
reflected  part  of  the  beam  passes  through  the  finite  glass  thickness  of  the  beam  splitter  on  its  way  to  the 
reference  mirror  where  it  is  reflected  back  toward  the  beam  splitter.  Because  of  the  small  coherence 
length  of  the  light  used  (approximately  100  pm),  the  reflected  part  of  the  beam  must  pass  through  a  com¬ 
pensation  plate  with  the  same  thickness  and  refractive  index  as  the  beam  splitter  in  order  to  yield  high- 
contrast  interference  fringes.  For  the  same  reason,  a  compensation  plate  is  also  required  for  the  tunnel 
window.  A  100- Watt  super  pressure  mercury  lamp  served  as  the  Ught  source.  Passing  through  «a  iria, 
an  interference  filter  (X  *  0.  54?  pm)  and  a  collimetor  {100  mm  ^),  the  Ught  reaches  the  beam  splitter. 

The  object  to  be  reproduced,  L  e.  the  pressure  sensitive  flexible  wall,  was  positioned  between  one  and 
two  focal  lengths  of  the  objective  lens. 


As  can  be  seen  in  Figure  1,  one  part  of  the  interferometer  beam  passes  through  the  turbulent  flow  twice. 
Since  the  refractive  index  of  air  is  dependent  upon  density,  sufficiently  large  pressure  fluctuations  can 
change  the  optical  path  of  the  beam  indicating  a  pseudo  displacement  of  the  membrane.  It  can  be  shown 
[12]  that  at  a  flow  velocity  of  8.  5  m/sec,  this  disturbance  is  completely  negUgible. 


Photographs  of  the  interference  patterns  wore  taken  with  a  high-speed  camera  (Fastax  WF-4m).  Using 
120  m  film,  the  maximum  possible  frame  frequency  of  the  camera  waa  about  9000  frames  per  second. 
The  frame  rate  at  any  point  on  the  film  can  be  determined  with  the  aid  of  timing  marks  (1  msec)  on  the 
edge  of  the  film.  For  all  experimental  runs  in  this  investigation  30  m  long  16  mm  films  (XT-nogative 
film.  Type  7220,  Kodak)  were  used.  With  this  film  length,  a  maximum  frequency  of  7060  frames  per 
second  was  achieved  which  corresponds  to  a  run  time  of  about  1  sec. 

2.  4.  The  pressure  sensitive  flexible  wall 

2.  4. 1.  Manufacture 


A  schematic  view  of  the  flexible  wall  is  shown  in  Figure  6.  A  thin  silicon  rubber  foil  (approximately 

35 pm  thick)  is  stretched  across  a  rigid  base  constructed  of  breBS 
which  has  about  550  small  holes  of  2.  5  mm  inner  diameter.  The 
surface  of  the  base  was  lapped  so  that  the  deviation  from  flatness 
across  the  entire  surface  was  reduced  to  the  order  of  ealy  1  ju». 


I 

I iZSmm 


H»6mm 


The  main  problem  in  producing  these  platee  is  obtaining  a  tl>in 
foil  with  a  smooth  surface  and  uniform  thickness,  accurate  to 
within  a  fraction  of  a  light  wave-length.  This  extreme  accuracy 
is  necessary  because,  even  without  flow,  a  dense  interference 
fringe  picture  woutd  otherwise  appear  which  would  make  deter¬ 
mining  the  displacement  of  the  membrane  practically  impossible. 
The  foils  used  here  were  produced  with  aslUcon  rubber  (for  details 
see  [12] ).  To  make  the  rubber  foil*  light  reflecting  they  were 
silvered  with  the  help  of  a  vacuum  coating  device.  The.  thickness 
of  the  silver  layer  was  smaller  th«n  0.  3  psa,  tho  Ught  reflection 
factor  about  70  °/o.  The  reflecting  layer  waa  also  not  damaged 
when  the  membrane  was  strained  by  20  /o;  .'he  pressure  sensitive 
section  woo  fixed  in  a  metal  ring  and  ‘ogether  with  it  mounted  flush 
In  the  wall  of  the  tunnel  In  the  symmetry  axle  of  this  ring  and 
normal  to  the  direction  of  flow,  smhll  holes  Were  drilled  (0.  4  mm  i) 
to  allow  for  pressure  equalisation  between  the  wind  tunnel  and  the 
chamber  behind  the  membranes. 


Figure  6.  Sketch  of  the  flexible  wall 
3. 4. 2,  Calibration 


Static  calibration  of  the  flexible  wall  waa  done  by  applying  a  static  pressure  difference  to  the  sismbran**. 
Figure  7  shows  that  the  number  of  interference  fringes  (usually  concentric  rings)  occurring  on  a  mem¬ 
brane  is  proportional  to  the  static  pressure  and,  for  the  membranes  used  for  experiments  reported 
here,  is  equal  to  $.  5>ibar  per  fringe  ring,  The  equality  of  the  individual  membranes  can  be  checked  is 
the  same  way, In  fact  the  membranes  of  the  plate  used  Had  astonishingly  low  inequalities . 


Dynamic  calibration  wair  accomplished  with  a  loudspeaker  and  two  calibrated  mietopteone*.  figure  ft  shows 
the  frequency  response  sad  Figure  P  shows  the  phase  angle.#  between  the  excitation  fores:  and  the  mam-  , 
brans  displacement.  It  should  be  noted  that  the  relatively  flat  frequency  response  in  Figure  3  was  only 


Static  pnssur*  difftrtnco  on  the  mttnUane  ip.j 


Figure  7.  Relationship  between  the  static  pres¬ 
sure  difference  and  the  displacement  of  the  circu¬ 
lar  membranes 


Excitation  frequency  of  Uw  mmbror* 


Figure  9.  Frequency  response  of  the  phase  angle 
for  the  flexible  wall  with  the  additional  damping  of 
a  Bilk  cloth  (calculated  using  data  from  figure  8). 


Excitation  tr*<n*acy  ot  the  mttntxon* 


Figure  8.  Frequency  response  of  the  membrane 
displacement  for  the  flexible  wall  with  the  additional 
damping  of  a  silk  cloth 


achieved  after  placing  a  damping  layer  (silk  cloth) 
at  the  rear  side  of  the  base  plate  (compare  Fig.  6). 
Without  this  damping  the  membranes  showed  very 
sharp  resonance  peaks. 

An  additional  problem  encountered  was  that  the  thin 
rubber  foils  toose  their  tension  after  periods  of  a 
month  or  so.  For  this  reason,  before  each  run  the 
static  calibration  of  the  membranes  had  to  be  re¬ 
peated. 


With  the  method  as  described  above  it  was  not  possible  to  determine  whati  er  fringe  rings  are  produced 
by  local  overpressure  or  underpressure.  To  establish  this  a  base  fringe  pattern  was  produced  by  turning 
the  reference  mirror  of  the  interferometer  slightly.  It  was  adjusted  so  that  with  no  pressure  difference 
on  the  membrane  approximately  two  interference'  fringes,  extending  lengthwise  in  the  x-eirection,  appear 
on  each  circular  membrane.  Figure  10b  allows  this  base  fringe  patters  (produced  without  ftrw),and  in 
Figure  10a  a  typical  fringe  pattern  with  flow  i*  shown,  la  evaluating  tha  patterns,  the  difference  between 
the  two  has  to  be  taken. 


Figure  MX  DeUrmitatiw  of  the  Snsiaafa&eoua  displacement  of  tits  circular  testa  town*# 

(19  mm  film,  membraas  dUaieue  xsati,  dkusc*  bc-twnc  Hut  circular  membranes  S  mm) 
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It  can  also  be  seen  in  Figure  10a  that  some  of  the  fringes  have  an  S-ahape.  This  results  from  an  over¬ 
pressure  and  an  underpressure  occurring  simultaneously  over  different  areas  of  the  same  membrane. 


Important  in  the  film  evaluation  is  whether  the  phase  shift  between  the  excitation  force  (pressure)  and  the 
membrane  displacement  is  of  importance.  As  can  be  seen  Figure  9  the  phase  angle,  Jl  ,  increases  nearly 
linear  with  the  excitation  frequency  up  to  about  900  Hz.  Thus  it  follows  that,  up  to  900  Hz,  the  displace¬ 
ment  follows  the  wall  pressure  with  a  constant  time  lag  of  about  0.  2  msec.  For  the  investigation  reported 
here  this  lag  is  unimportant,  but  if  the  instantaneous  velocity  field  ia  studied  in  connection  with  the  wall 
pressure  field,  it  wilt  be  necessary  to  take  this  fact  into  account 

Another  important  question  for  the  evaluation  is  whether  the  observed  pressure  pattern  on  the  "flexible 
wall"  is  the  same  as  it  would  be  on  a  rigid  wall  It  can  be  assumed  that  this  is  so,  because  the  displace¬ 
ment  of  the  small  membranes  is  orders  of  magnitude  smaller  than  the  thickness  of  the  viscous  sublayer 
defined  with  y+  =  5. 

2.  5,  Insulation  of  noise  and  vibrations 

The  whole  flow  arrangement  is  extremely  sensitive  to  noise  and  vibrations  and  therefore  several  pre¬ 
cautions  were  necessary: 

(a)  The  tunnel  is  of  heavy  construction  with  walls  of  cast  aluminium  about  20  mm  thick.  All  the  parts  lying 
within  the  dotted  lines  shown  in  Figure  1  are  rigidly  connected  and  elastically  suspended  on  springs.  The 
fundamental  frequency  of  this  system  is  less  than  1  Hz. 

(b)  The  sonic  nozzle  was  specially  designed  in  order  to  produce  low  noiBe  levels.  The  outside  casing  of 
the  nozzle  is  constructjd  with  inner  and  outer  walls,  and  the  space  between  is  filled  with  sand  to  reduce 
sound  radiation,  A  6ound  absorber  is  mounted  downstream  of  toe  nozzle  (absorber  B  in  Figure  1),  The 
static  pressure  in  the  sound  absorber  is  always  less  than  critical  so  that  the  flow  downstream  of  the  nozzle 
is  supersonic. 

(e)  In  principle  a  sonic  nozzle  does  not  radiate  sound  upstream,  but  in  practice  it  Btiil  produces  some 
noise  in  that  direction  (flow  noise  in  the  convergent  area  and  possibly  transmission  in  the  flow  boundary 
layer  and  in  the  walls  of  the  nozzle).  To  eliminate  these  influences  the  sonic  nozzle  is  connected  to  the 
test  section  only  with  a  soft  rubber  gasket  and  a  specially  designed  sound  absorber  iB  fitted  at  the  end  of 
the  test  section  (absorber  A  in  Figure  1). 

(d)  The  high  speed  film  camera,  which  is  rather  noisy,  was  put  into  a  double  walled  sound  insulation 
housing. 

Using  all  these  precautions, it  was  possible  to  reduce  outside  disturbances  at  the  pressure  sensitive 
flexible  wall  to  a  level  lower  than  t  0.  2  fringe  widths. 


3.  EXPERIMENTAL  RESULTS 

3, 1,  Measurenventa  with  the  pressure  sensitive  flexible  wall 

With  turbulent  boundary  layer  flow  and  the  pressure  tens' live  flexible  wall  described  In  the  previous 
section  several  films  of  interference  pattern*  were  taken.  In  Figures  II,  12  and  13  some  of  the  results 
from  one  film  tire  presented. 

Figure  11  shows  6  two  dimensional  pictures  (x-s  plane)  of  a  wall  pressure  distribution  as  it  develop*  in 
time.  The  pictures  were  obtained  by  evaluating  6  frames  ia  a  film  where  each  frame  contacts  information 
about  the  displacement  of  12  x  1?  mambran-js  covering  a  wall  area  of  29  mm  *  48  mm  or  6.  S  10.  5  o*. 
The  region*  indicated  by  acUd  lisas  are  areas  of  local  overpressure;  the  region*  indicated  by  dashed 
lines  are  area*  of  local  underpressure.  The  of  croas-hatcbiag  denotes  she  magnitude  of  th#  deviation 
from  the  mean  pressure.  Figure  1 1  seems  to  indicate  that  the  epanwise  extension  of  the  pr-eaaure  patte.n* 
Ut  soatawhat  larger  than  the  atresia  wise  extension. 


Figure  12  show#  the  temporal  development  of  tin  pressure  field.  This  figure  was  obtained  by  determining 
the  displaeatssfit  of  17  membranes  (row  no.  5  of  Figure  1 1)  for  143  consecutive  ;rarate  cf  the*  film  {the 
Urns  interval  between  two  consecutive  frames  was  0. 14  mean.  The  s*s*d  time*  £n  Figure  It,  12,  IS  arc 
Identical),  Frame  number#  0-50  show  how  a  higher  amplitude  wall  pressure  etruetdr*  travel*  ecxv*s  ifce 
circular  membrane*  in  the  stream  win*  direction.  After  that,  follow*.  *  thus  interval  (framae  number* 

51- 105)  in  which  practically  only  low-amplitude  wall  pressure  flue  tuition*  occur  over  the  membraaea. 

In  thi*  ;&***  locMwtir,  there  are  w«U  pressure  extrema,  which  move  in  the  itfSi  ana  wise  dirsetims. 

In  frame*  number#  1 04- lie,  a  high-amplitude  wall  pressure  structure  again  travel*  across  the  membranes. 
The  149  fraiae*  ahovu  in  Figure  12  raprese.it  only  a  very  short  section  of  *  SO  hi  film  (4000  frame*),  it 
turns  out,  however,  that  the  sequence  described  above  U  characteristic  of  all  the  films  evaluated,  whereby 
tot*  sequence  ta  repeated  at  random  time  interval*. 


Frame  Time 
no. 

Hi  mm 

<©  Overpressure  (*) 

©  Underpressure  t-i 
f~~~)  -as**.ftj  Interference 
tos  •  tu  fringes 
Jr.-]  US  •  Its  • 
fflf'l  ‘is  ■  ,ts  • 
j  tts  •  tts  • 

I4J  •  #15  * 

yy  Mis  •  us  • 

1 1nterference  fringe  ?  3.7 fj bar 

122  ^mm 


Figure  11. 

Temporal  change  of  the  wall 
pressure  diotribution  of  a  turbu¬ 
lent  boundary  layer  flow  mea¬ 
sured  by  means  of  12  membrane 
rows  each  consisting  of  17  circu¬ 
lar  membranes  lying  one  behind 
the  other  in  the  streamwise 
direction 

(membrane  diameter  -  2.  5  mm, 
distance  between  the  membranes 
*  3  turn,  free  stream  velocity 
U  *  8.  S  ra/scc,  displacement 
thffcfcneaa  6**  4.  6  mm,  row  5  is 
presented  in  consecutive  frames 
in  Figure  )2,  time  zero  points 
are  identically  In  Figure  J !  and 
Figure  121. 
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Time  frame 
no 

0  0 


20  mac  113 


81  out  47? 


89  msec  5 23 


126  msec  782 


139  mte c  949 


173  msec  080 


199  msec  055 


217  mac  1398 


Figure  IS. 
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Sevoral  time  points,  taken  from 
a  30  m  film,  for  tiie  occurrence 
of  high-amplitude  wall  pressure 
fluctuations  ovor  17  circular 
membranes  lying  one  behind 
the  other  in  the  etreamwiae 
direction  (data  as  in  Figure  11) 


Figure  13  shows  some  selected  points  in  time  for  the 
occurrence  of  zones  of  high-amplitude  wall  pressure 
fluctuations  over  a  row  of  17  circular  membranes 
lying  behind  each  other  in  the  streamwiae  direction. 
No  clear  connection  between  convection  velocity  and 
the  structure  of  the  pressure  field  has  been  detected. 


Figures  12  and  13  show  that  the  pressure  extrema 
have  a  lengthwise  extension  of  the  order  of  0.  5  <f* 


(50  )  and  that  these  extrema  can  be  followed 

downstream  over  distances  of  about  9  £*(900  -ft-  ). 

uT 

Both  values  ehoutd  be  understood  as  limits  only. 

0,  5  <?*  is  about  the  resolution  length  of  a  circular 
membrane  of  our  flexible  wall  so  that  the  pressure 
extrema  could  possibly  be  even  smaller,  and  dis¬ 
tances  of  observation  (9  5*)  are  partly  limited  by  the 
bo  rders  cf  our  flexible  wall  section,  so  that  it  might 
well  be,  that  some  extrema  can  be  followed  over 
larger  distances. 


From  Figure  12  one  cun  calculate  the  convection 
velocity,  l?c,  of  the  pressure  extrema.  For  the 

ratio  U  /U  .values  between  0.  38  and  0.  82  were 
c 1  oo 

found.  The  convection  velocities  of  the  pre  score 
extrema  changed  along  the  path  -  some  were  in¬ 
creasing  and  some  decreasing.  No  clear  connection 
between  convection  velocity  and  the  structure  of  the 
pressure  field  has  been  detected  so  far  (see  Fi¬ 
gure  IS). 


Pressure  extrema  with  peak  values  up  to  24  jubar 
(corresponding  to  0,  055  q  )  have  been  observed. 
The  wall  pressure  extrema  within  the  zones  of  high- 
amplitude  pressure  fluctuations  often  have  rather 

ateep  flanks.  Values  up  to  ^  =  0.  09  •q0ofSltb.*vo 

been  observed.  Because  of  the  limited  resolution 
of  the  circular  membranes  it  might  well  be  that  the 
really  occurring  gradients  are  sometimes  larger. 


Time  internal  b$t#e*r  events  imsttcl 


Figure  14,  Histogram  of  time  interval  between  the 

occurrence  oi  sons*  of  high-amplitude 

welt  pressure  fluctuations 

(U  «  8.  o  m/sec,  <f*»  4, 6  mm) 
co 


The  time  which  elapses  between  the  occurrence  of  two  zones  of  high- amplitude  wall  pressure  fluctuations 
was  determined  for  55  consecutive  such  zones.  The  results  are  given  in  Figure  14.  This  determination 
was  done  by  evaluation  of  Several  thousand  consecutive  frames.  The  definition  of  a  "zone  of  high-amplitude 
wall  pressure  fluctuations"  has  here  been  made  for  practical  reasons  so  that  in  a  certain  surrounding 
at  least  one  pressure  amplitude  with  modulus  larger  9  pbar  occurs.  The  mean  frequency  so  obtained  for 
the  occurrence  of  such  zones  was  67  Hz. 

3.  2.  Measurements  wife  wall  microphones 

For  purposes  of  comparison  the  wall  pressure  fluctuations  have  also  been  measured  with  microphones 
mounts',  flush  in  the  wall.  Figure  15  shows  our  results  for  three  effective  microphone  diameter  (9. 1  mm, 

2. 1  mm  and  0, 8  mm)  compared  with  the  results  of  other  authors.  Our  measurements  were  made  using 
conder  er  microphones  (Eruel  and  Kjaer  Type  4138  and  4134).  The  smallest  diameter  measurements  were 
made  by  arranging  a  metalahield  with  a  pinhole  in  front  of  the  microphone  diaphragm.  Some  of  power 
spectra  measured  with  c  1/3-octave  band  filter  (Bruel  and  Kjaer  Type  2112)  are  shown  in  Figure  5.  For 
the  plot  in  Figure  5  the  1/3  octave  bandwidth*  have  been  transformed  to  constant  bendwidthe  using  the 
assumption  that  tne  filtered  fluctuating  signals  in  each  band  is  random. 


Figure  15,  Dependence  of  the  measured  r.  m,  a.  value  of  the  wall  pressure  liactuaiions  upon  ths  dimension¬ 
less  pressure  transducer  diameter 


4.  DISCUSSION  OF  RESULTS  AND  CONCLUSIONS 

(a)  The  convection  velocities  of  the  wall  pressure  tjUrwoaa  were  found  to  be  U  /II  *  0.  39  to  0. 82.  Only 

C  VM  . 

limited  cotnpurieoa  of  theee  value*  with  measurements  reported  in  the  literature  can  be  made,  since  the 
Utter  result*  arc  msec  value*.  A*  cm  be  seen  in  Table  l  nomadised  vetoes  for  ta *m  convection  velocities 
reported  by  other  fevesiigetor*  at*  between  0.  53  and  0.  G6. 

{b)  Assuming  that  the  sources  of  wall  presaure  fluctuation*  mov*.  oa  the  average,  at  the  local  mean  flow 
velocity,  it  can  be  eetimatsd  that  CO  °/o  at  ell  the  pressor*  wateema  observed  bare  originate  in  the  wall 
region  of  y+-e  HQ.  A*  the  charotwrisUc  longth  of  fee  wall  region  ia  V/G^  4t  is  to  b*  *sp*et*d  that  the 
dteaeokas  of  the  watt  pruasubo  oxtrwm*  should  vary  proportionally  with  *7Mg- 

(c)  suggested  scaling  with  t?/%  is  stroagly  supported  fey  Figure  IS  Nearly  ellr.rju*.  vakea  of 
normalised  pressor#  fluctustton*  reported  by  soverwi  fcveatijatar*  felt  together  cate  oao  curve  if  tb*  sat- 
crophouo  dlamtUr  In  norm* Used  wife  ¥/%*  If  o*  is  used  iaefofcd  of  y/Gj  tit*  value#  do  sot  UU  onto 
one  curve. 

(d.)  The  fact  that  the  r.  to.  *.  velaes  iacra**#  as  soon  as  d  %/fe  bc-usiase  gfestWr  Dun  503  taempsr*  Fi¬ 
gure  1 5)  esa  bo  axpUicti  by  the  cbserv&Uon  that  fee  laegwwl**  eatoaaioa  of  fee  pressure  Witrwms  is 
about  SO  Trtesdaowap*  which  tn#**ure  the  reetr.ee. «.  twin*  of  fee  preesnr*  ffecissUcea  **»4M  be 

considerably  sowUcr  feast  fei*  length.  Vflth  tbs  am  a  Use!  irtasducor  f  d  Gy/V  »  it)  used  ia  this  iavwetLga- 
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»  10.  3  *  10*3 


nco 

pare  Table  1). 


was  measured.  This  value  is  higher  than  most  values  given  in  literature  loom- 


(e)  Figure  5  shows  that  with  a  large  transducer  not  only  the  high  frequency  components  of  the  spectra  are 
lower  then  with  a  small  transducer  but  also  the  low  frequency  components. This  can  be  explained  with  the 
help  of  Figures  12  and  IS,  According  to  these  Figures  especially  the  zones  of  high. amplitude  wall  pressure 
fluctuations  supply  the  pressure  amplitudes  for  the  large  wave  numbers  but  simultaneously  the  cyclical 
occurrence  of  these  fluctuations  gives  contributions  to  small  wave  numbers.  So  transducers,  which  do  not 
fully  pick  up  the  high  wave  number  extrema  because  of  limited  spatial  resolution,  will  also  produce  too 
small  low  frequency  components.  Similar  results  as  in  Figure  5  wore  reported  by  Geib  {[13],  Figure  2). 


(f)  For  the  occurrence  of  the  zones  of  high-amplitude  pressure  fluctuations  a  mean  frequency  of  67  Hz 
has  been  found  (compare  Section  3.  2. ).  This  frequency  is  in  good  agreement  with  results  of  other  boundary 
layer  investigations. 

2 

Flack  [14, 15)  found  that  boundary  layer  turbulence  should  have  a  fundamental  frequency  w  =  0.  056  %/y  . 
With  the  values  of  our  investigation  this  formula  yields  a  value  of  67  Hz.  With  another  point  of  Black's 
theory  our  experimental  results  do  not  agree:  According  to  Black  two  basic  pressure  phases  occur.  There 
occurs  a  weak  negative  pressure  over  a  larger  region  and  then  a  high  positive  peak  occurs  locally  (caused 
by  an  eruptive  jet  in  the  vicinity  of  the  wall).  Figures  11-13  show,  however,  that  positive  as  well  as  nega¬ 
tive  pressure  peaks  occur. 


Visual  observations  of  the  flow  near  the  wall  by  Kline  et  al»  [16],  Kim  et  al  [17],  Corino  and  Brodkey  [18] 
and  Nychas  [19]  show  that  events,  which  have  been  described  as  ‘burst  periods",  actually  do  occur  in  the 
wall  region.  Further,  during  such  occurrences  it  has  been  shown  that  the  instantaneous  velocity  profile 
deviates  considerably  from  the  mean,  and  that,  instantaneously,  very  large  shear  stresses  arise.  In  addi¬ 
tion  transverse  and  longitudinal  vortices  are  formed  in  the  wall  region.  The  question  arises  .which  process 
in  the  flow  produces  the  zones  of  high-amplitude  wall  pressure  fluctuations,  Kline  et  al  ([16],  p.  7fi4)  and 
Kim  et  al  ([20],  p  122)  found  the  rton-dimensicnai  frequency  of  the  burst  periods,  <y+  ~  us  ■  V  /tl*,  to  be 
about  0.  06  (with  Re_  «*  10s).  When  this  value  of  is  used  for  the  flow  studied  in  our  investigation,  a 

burst  frequency  of  72  Hz  is  obtained,  which  ia  in  remarkably  good  agreement  with  the  observed  value  of 
67  Hz.  This  indicates  strongly  that  these  events  are  related  to  one  another. 


According  to  Rao  et  al  [21]  and  also  Laufer  and  Narayanan  [22], the  mean  occurrence  frequency  of  the 
"burst  periods"  scales  with  the  flow  velocity  outside  the  boundary  layer,  U  ,  and  the  displacement  thick¬ 
ness.  00 


Ruo  determined  a  burst  frequency  fas  U^/32  £*.  With  the  values  of  the  flow  investigated  here  this  formu¬ 
la  leads  to  f  £  58  Hz  which  again  is  not  far  from  the  observed  frequency.  These  considerations  essentially 
support  the  modal  of  interaction  between  events  in  the  inner  and  outer  layer  of  a  turbulent  boundary  layer 
Euggaatad  hy  L-aufer  {[S3],  Figure  10),  According  to  this  model  a  pressure  gradient  in  the  direction  of 
flow  is  induced  as  a  result  of  the  interaction  between  targe-seals  turbulent  motion  and  non -turbulent  flow. 
This  pressure  gradient  cause e;  periods  of  instability  in  the  layer  near  the  wall  and,  as  a  result,  the  occur¬ 
rence  of  small-scale  "bursts",,  Nychas  [19]  also  concludes  from  hi#  visual  observations  that  the  large 
scale  tr&osverse  vortices  he  observed  induce  conditions  in  the  wall  region  which  lead  to  the  occurrence  of 
"ejections"  (burets). 


5.  REFERENCES 

[1]  Karri  eon,  M.  :  David  Taylor  Model  Basin  Rep.  no.  1280  (1958). 

[2]  Wills artb.  W.W.  :  NASA  Mem.  3-17-59  W  (19S3). 

[3]  Sfeudt-cyk,  E,  F. ,  Kiddle,  C,  P.  :  Noiao  prodaefioa  in  a  turbulent  boundary  layer  by  smooth  end  rough 
surface*.  J,  Acouat  Soc,  Am,  32  (1960),  13-34. 

[4]  Roll,  M,  K. ,  Willie,  3,  I*  :  Seme  result*  of  experimental  investigations  of  the  surface  pressure  field 
due  to  a  turbulent  boundary  layer.  Dept  Aero,  Astro,,  Univ.  of  Southampton,  Rep,  no.  199(1961), 

[3]  WRUasrth,  W.W,,,  Wooldridge.  C.  E.  :  Measurement*  of  tha  fluctuating  pressor*  a?  te  w»U  beneath 
a  thick  tmbuloat  boundary  layer,  J.  Fluid  Mech, ,  vet  14,  part  2  (1983),  pp.  187-210, 

[6]  Sersfiai,  J.  R.  :  Wall  pressure  fluctuation*  sns  pressure  velocity  corretathsis  in  turbulent  boundary 
layer*.  AGARD  Sap.  no,  453  (iW3j. 

[7]  WiUmxrih,  W.  W. ,  R<soa,  F.  W, :  Resolutions  and  structure  of  the  wall  presses*  KaW  bttteetii  a  tar- 
bdaat  boagdsty  layer.  3,  Fluid  Mech. ,  vol.  22,  pert  i  (1366),  pp,  81-34. 


[8]  Schloemer,  H, :  Effects  of  pressure  gradients  on  turbulent  boundary  layer  wall  pressure  fluctu¬ 
ations.  J.  Acoust.  See.  Am,  42  (1967),  93-113. 

[9]  Bull,  M.  K. :  Wall  pressure  fluctuations  associated  with  subsonic  turbulent  boundary  layer  flow. 

J.  Fluid  Modi.,  vol  28,  part  4  (1967),  pp.  719-784. 

[10]  Blake  W.  K.  :  Turbu'  t  boundary  layer  wall  pressure  fluctuations  on  smooth  and  rough  walls. 

J.  Fluid  Mech.,  vol  44,  part  4  (1970),  pp.  637-660. 

[11]  Wills,  J.  A.  B,  :  Measurements  of  the  wave -number /phase  velocity  spectrum  of  wall  pressure  be¬ 
neath  a  turbulent  boundary  layer.  ,T.  Fluid  Mech.,  vol  45,  part  1  (1970),  pp.  65-90 

[12]  Emmerling,  R. :  Die  momentane  Struktur  dee  Wanddruckea  einer  turoulenten  Grenzachichtstrdmung, 
Mitt.  MPI  StrOmungsforsch.  u.  Aerodjm.  Versuehoanst ,  Gottingen,  Nr.  56  (1973). 

[13]  Geib,  F.  E. :  Measurements  on  the  effect  of  transducer  size  on  the  resolution  of  boundary  layer 
pressure  fluctuations.  J.  Acoust.  See.  Am.  46  (1889),  253-261. 

[14]  Black,  T.  J. :  Some  practical  applications  of  a  new  theory  of  wall  turbulence.  Proceedings  of 
the  1966  Heat  Transfer  and  FI.  Mech.  Institute,  Stanford  Univ.  Press  (1966). 

[15]  Black,  T.  J,  :  <ln  analytical  study  of  the  measured  wall  pressure  field  under  supersonic  turbulent 
boundary  layers.  NASA  Contractor  Report  -  888,  April  1968. 

[16]  Kline,  S.J. ,  Reynolds,  W.  C, ,  Schraufc,  F.  A. .  Runutedter,  P.  W.  :  The  structure  of  turbulent 
boundary  layers.  J.  Fluid  Mech,  vol  30,  pevt  4  (1967),  pp.  741-773. 

[17]  Kim,  H.  T. ,  Kline,  S.  J. ,  Reynolds,  W.  C. :  The  production  of  turbulence  near  a  smooth  wall  in  a 
turbulent  boundary  layer,  J.  Fluid  Mech.,  vol.  50,  part  1  (1971),  pp,  133-180. 

[18]  Corino,  E.  R.,  Brodkey,  US.:  A  visual  investigation  of  the  wall  region  In  turbulent  flow.  J,  Fluid 
Mech. ,  vol  37,  part  1  (1969),  pp.  1-30. 

[19]  Nychas,  S,  G.  :  A  visual  study  of  turbulent  shear  flow.  Pi.  D.  Thesis,  Ohio  State  University  (1972). 

[20]  Kim,  H.  T. ,  Line  S,  J.  ,  Reynolds,  W,  C.  :  An  experimental  study  of  turbulence  production  near  e 
smooth  wall  in  a  turbulent  boundary  layer  with  zero  pressure  gradient,  Report  MD-20,  Depart¬ 
ment  of  Mechanical  Engineering,  Stanford  University  (1968), 

[21]  Rao,  K.N. ,  Narasimha,  R.,  Badri  Narayanan,  M.  A. :  The  buroting  phenomenon  in  a  turbulent 
boundary  layer.  J.  Fluid  Mech.,  vol.  48,  part  2  (1971),  pp.  339-382, 

[22]  Laufer,  J. ,  Badri  Narayanan,  M.  A, :  Mean  period  of  the  turbulent  production  mechcaiam  in  a 
boundary  layer,  Phys.  Fluids,  vol,  14,  no.  1  (1971),  pp.  162-183, 

[23]  Laufer,  J. :  Recent  developments  in  turbulent  boundary  layer  reae&reh.  Institute  Naeionale  di  Alt* 
Matemetica,  Symposia  Mathematic*.  Vol  IX,  (1972),  pp.  299-313, 


6.  ACKNOWLEDGEMENTS 

Th«  Prof.  By,  B.  MfiUeP  fdr  enabling  ua  to  emery  out  this  investigation  ^t  the  M*x« 

PUBssfe-InsHfeit  far  StrdsmsRgeferechtiag  sad  .for  htit  oostfswiiag  interest  in  the  protect.  For  meny  help¬ 
ful  dieeusaiooe  we  would  also  life*  to  thank  the  staff  of  tb#  inaittete*  especially  Dr.  H,  Eokelmann,  Dr.  F. 
Obermater,  0t\  J.  31.  Waiwfce  smti  £>r,G.  (Mavnwrummi, 


7 


25- 


maa  mcsemoa,  aspects  or  koisx 

hr 

G8G0P  CAFTAiE  P  f  n» 

Boycl  n>  fteoc 
Central  Medina!  Satabllahmsot 
Kelvin  BOOH 
Cleveland  Street 

t mAi*>  ftp  5uj 
Blglurt 


9s1m  is  >  produos  of  propulsion  systems  end  the  use  of  weapons,  and  although  its  sffeot  on  ths 
huaw  ear  has  been  known  for  many  years  it  is  only  in  the  past  35  ysars  that  interest  has  been  directed 
increasingly  to  investigating  the  effect*  of  noise  on  nan,  and  in  attempting  to  prevent  than. 

&»gP4  is  vibration  «hioh  is  detectable  by  ths  organ  of  Corti  in  ths  inner  sort  noise  is  loosely,  bat 
oouvecienily,  defined  at  unseated  sound*  ' 

Koist  nay  be  unseated, 

1.  Because  It  is  loud  sad  harsh  and  physically  or  tatty  distressing. 

2.  Because  it  interfere*  with  oosweioaticn  by  speech  or  other  auditory  signal  si  interference 
with  interalttent  cooanloatlcn  oocura  at  72dB*  and  with  i  cowsaioatloo  at  swy, 

3*  It  aay  reduce  working  efficiency. 

4.  It  way  be  harmful  to  the  ear  te  ths  extent  of  censing  deafness. 

All  these  factors  may  operate  together  whan  ooe  consider*  noise  in  aviation.  &  »■"-«"  terns  one  is 
cceoexnsd  with  the  effects  of  noise  on  aircrew,  ce  pound  support  staff,  and  on  those  who  work  or  lire  in 
oloss  proximity  to  noisy  airfields,  While  ter  all  thee^  groups  the  ocurce  of  the  noise,  namely  the 
slrormft  engines,  is  the  same  -  end  while  the  principle#  of  investigation  sad  protection  will  main  ths 
same,  the  solutions  will  vary  according  to  the  group  wader  revise. 

MB  SW5OT  (V  SWISS  OB  KEiEUfiG 


Good  hearing  is  aseentlal  foe  maftexw  of  alrerw.  atstsuotieoe  most  be  heard  clearly  whn. 
training  and  later  during  flight,  Accurate  reception  of  speech  sJ^sale  is  caeentlali  and  this  may  be 
required  uader  poor  liateoing  ooaditiooi,  in  high  atftiemt  cockpit  noise,  and  whan  gsnexal  and  auditory 
fatigue  are  aleo  exercising  aa  adverse  effect  m  the  hearing. 

Xntans*  noie*  ncy  damage  any  or  ell  of  the  peripheral  parts  of  the  hearing  meehtniw  -  and  the  extent 
of  the  damage  will  depend  on  the  character,  intensity  and  duration  of  the  noise.  Damage  to  the  eardrum 
and  ossicular  system  will  result  tsm  explosive  noise  end  blast,  fhe  hair  cells  of  the  organ  of  Corti 
in  the  inner  oar  are  damaged  by  sudden  impulsive  noise,  or  by  prolonged  exposure  to  intensive  noiee. 

It  is  this  latter  which  ocmmanly  effects  the  hearing  of  alxorem  although  blast  or  explosive  damage  to 
the  bearing  may  be  mean. 


Originally  ttus  sort  of  damage  was  detarlbsd  as  "acoustic  trauma*  but  it  is  now  odled  noise-induced 
hearing  loss,  *he  affects  of  «seh  exposure  may  be  tempo reay,  and  recoverable  (Peaporory  threshold  shift, 
WB)  or  permanent  and  nou-reoovasUhle  (pemmeai  threshold  shift,  «»), 

,  S SpgSISfc  Mreshold  g?lft  is  a  short  tern  effect  following  exposure  to  nolee.  Thsro  i*  « 
in  th»  hearing  with  reoneot  to  c  -iviouely  ascertained  level t  it  may  be  accompanied  by  tiimitua  but 
recovery  of  hecring  to  the  original  lew-1  coouru, 

extent  of  TOB  and  ccnaaquant  degree  of  recovery  will  depend  oa  several  factors;,  eg 
e)  the  individual  euaoaptihility  of  tbs  subject 

b)  the  subject'*  age 

o)  the  nature  and  Intensity  of  the  noiee 

d)  duration  and  character  of  exposure 

e)  presence  of  previous  damage  to  the  cochlea 

f)  the  nature  and  noiee  atieatetiag  property  of  «ay  aural  protective  device  worn 


,„,0c?a®4ea*1*y  «»®ovejy  of  the  hearing  say  be  dmlaymd^wbin  the  tvcditioc  is  termed  peswietent  threahold 
shift,  but  in  getuttstl  lull  recovery  con  be  expected  in  20  £aye ,  (s) 


Where  there  is  a  failure  of  the  hsarias  to  recovery  thw  asw  lcwpl  of  hearing  is  called  the  vumnmt 
thr«ehold  shift.  Ac  the  heeilsg  lose  is  now  oetehl  tufted  it  i*  sefeerad  to  aetoiee  induced  hearing  lose, 

ftah  e  hejrteg  loes  will  have  damped  slowly  ever  seethe  er  years  ~  as A.thrnM  «  ittutotiUw 
^  **  e*  «***>* &u  m  ito  tm&m  ct  their  6e«rreeo*.  Senardly,  it 

is  dlfiiault  to  determine  the  time  of  o&sat,  At  the  mtart  the  baring  will  be  dun**  by  noiee,  with 
recovery.  As  the  xoouetio  hicc.lt  is  repeated,  reosv»*«y  times  l«yth*s  vdtil*  the  degree  of  se©avwK> 
m»rteas  until  a  haarisg  less  iu  meet  to  be  ctUbUshed.  tfcwite*  ie  relatively  cwmi,  Aft  wdiegre* 
will  eho*  a  fitmMfam  pk%tem  of  lees,  the  grata**  appear***  is*  'k&fc  te*m-  of  vwyise 

esverlty  at  6  «ad  8  kfei.  Am  the  loas  womena  3iSf*  sad  then  3^Es  buaiew  'ikiyblv^t  aheft  the 
frequgcoles  beocase  involved  mo  difficulty  1*  iimqp*ri«no«A  in  intdrpreiiag  -tftrtf-.  parti sulcrly  in  mibimi 


In  gnnwal,  onoe  started  the  hearing  lose  has  a  relatively  rapid  initial  growth,  the  rate  of  change 
diminishing  over  a  period  of  years  -  and  latterly  the  physiological  effeots  of  presbycusis  are  added, 
increasing  the  overall  hearing  loss, 

aiBcoptlbllitr  to  noise  \  arias  iron  person  to  person,  but  reposted  work  has  failed  to  find  a 
predictive  tact,  of  susceptibility  which  is  reliable  for  individuals. 

Iain  will  occur  after  noise  exposure  but  the  level  at  which  this  appears  varis*'  from  person  to  person, 
though  the  onset  of  pain  is  a  syaptom  which  should  not  be  igxored.  lb  some,  discomfort  cm  occur  with 
exposure  to  nolee  of  llOdB,  and  this  would  indicate  undue  susceptibility  to  noise  damage.  On  average, 
pain  will  be  experienced  at  130d3. 

For  those  working  in  noise,  the  need  to  protect  and  preserve  the  hearing  is  obvious,  and  hearing 
conservation  calls  for  three  straightforward  requireaemtsi- 

1)  a  knowledge  of  the  noise  exposure  milts  control 

2)  the  measurement  of  each  person’s  hearing  before  employment,  and  at  regular  intervals  during 
employment 

3)  the  provision  of  any  necessary  protective  devices 

Such  principles  coll  for  the  oo-operation  and  oc-ordinntion  of  effort,  of  workers  in  several  fields, 
but  with  the  oloss  medical  supervision  exercised  over  aircrew  this  presents  no  organisational  problem 
with  regard  to  this  group.  Opinions  vary  as  to  what  constitutes  hamrdous  noise  end  at  what  levels 
ocnssxvaticn  should  bw  undertaken,  is  yet  there  is  no  oomplcgs  agreasmt.  However,  all  ideas  are 
based  <m  the  ooeospt  of  an  eight  hour  working  day.  over  5  days  per  week,  spread  over  a  working  lifetime. 

The  British  "Code  of  Practice"  (2)  considers  SOdBWtebe  the  level  at  whieh  protection  should  be  given, 
while  90dB(l)  quoted  in  Stanag  Ho  3437,  (3)  relating  to  eipomre  to  hasardous  noise,  baa  been  generally 
agreed  for  military  aviation.  The  adoption  of  noise  control  and  noise  limits  to  protect  the  hearing  or 
to  maintain  voioe  cowssmi oatico  will  also  take  care  of  the  problem  of  noiee-induoed  performnoe  decrement. 

he  ssrnunov  of  hazard  vc  he  heahhb 

He  first  step  Is  to  measure  and  analyse  tbs  noise  under  the  conditions  In  whioh  the  worker  is 
•xpossd  to  it.  Da  general,  full  octave  band  analysis  will  be  required. 

He  possibility  of  a  kasard  to  the  bearing  frea  a  given  noise  is  determined  by  comparing  the  spectral 
analysis  of  the  noise  agelnet  a  chosen  damage  result  criterion  (DCS),  which  has  been  defined  (4)  aa  the 
eaxinta  sound  pressure  level  of  a  noise  usually  a  function  of  frequency  to  whioh  persons  may  be  expo  sad 
if  the  risk  of  a  significant  hearing  loss  is  to  be  avoided. 

Several  damage  risk  criteria  are  in  favour,  and  each  differ*  only  in  detail  from  ths  others,  xbat 
employed  in  the  Royal  Air  Force  and  the  Royal  Bevy  is  caa  modified  from  Bums  and  Lit  tier.  (5) 

4  occpcrieon  of  the  spectral  analysis  of  tbs  noise  and  the  chosen  DCS  will  determine  If  noise  levels 
are  in  exoees  of  the  safety  limits.  If  this  is  the  case  subtraction  of  the  attenuation  values  of  any 
Oho  MO  ear  protector  from  the  cpsctral  analysis  will  indicate  whether  safe  limits  oar.  b«  achieved. 

80CHCK6  OF  BOISE  M  FLIGHT 

He  engines  of  the  aircraft  are  ths  primary  source  of  noise,  and  this  should  Include  the  tranamiMioa 
system,  propellers  and  Jets.  Secondly,  interaction  between  ths  aircraft  and  the  air  through  which  it  la 
flying  -  especially  aerodynamic  or  boundary  layer  noise  caused  by  the  ruth  of  turbulent  air  over  the 
KU'faoea,  edges  and  projection*  of  ths  aircrafts  and  thirdly,  aubsidicry  souroee  of  noice  such  aa 
internal  power  generators,  bydraalio  systems  sic.  (6) 

Different  types  of  aircraft  present  different  problems  and  patterns  of  noise,  and  these  are 
oonaidaswd  briefly. 

F2G3©  VT3G  UKGRAJS 


«)  asyayltfga  Ha  principal  sources  of  noise  in  the  reciprocating  engine  are 

the  engine*  end  tS3r  eSaii*ta  sad  the  propellers.  At  high  indicated  air  epead  the  boundary 
lay®?  trdtwler.*#  it  also  a  fectcr,  Internally,  asd  particularly  in  light  aircraft,  tbs 
engine  will  make  a  large  contribution  to  the  noise  and  vibration,  but  externally  the  noise 
fj?on  the  exhausts  and  propoll  or  a  is  dom&smat, 

b)  xiyArtft.  He  external  aoiss  from  Jet  aircraft  is  oa»  of  the  largest  problems 

in  fedsfisM.  Although  there  sargiual  alleviations  from  improvements  in  dsa’gfa  end 
aooastiaal  irsattesRt  of  the  turbine  engine,  ths  problem  is  likely  to  wtwu  at  aircraft  get 
bifcgss,  with  acre  powerful  engines,  sad  with  jaclifwraticu  in  ths  wait*?  of  aircraft  employed. 
Wemtm:,  the  iatmiol  sound  pafsaaurs  levels  ia  the  J#t  aircraft  during  flight  arw  X«mg  and 
aaiis  teas  fawaiiwfl  to  tbs  heading  of  few  *iror#v  than  in  few  prcpellor-drivaa  aircraft. 

Ho  graatest  amount  of  noise  is  heard  ca  start  up  and  Ufcs-off, 

Hs  ciursoUris*  broad  -laid  noise  results  Hern  the  delusion  and  cellaptu  of  vertices  gsaerated 
•here  few  eut-jsa&ing  &&•  cf  few  Jet  mis-'  with  ths  'stationary  aahiset  air,  Hina  frea  the  eoapraaaar 
»sy  aleo  be  obtrusive. 

Xu  flight,  bemrstey  layer  xoias  is  the  principal  aoiw  haard  iaaida  few  cabin.  Bt  soma  silitary 
aircraft,  flying  at  hi^»  spaed  asd  low  alii  twee,  this  ooaeeaaat  of  few  uedua  mt  iafcaafet*  wife* 
ocaumUoatioa  as  well  «a  being  m  isasesd  to  fete  tsaproteatwd  bearing, 

0)  Ears  few  jein&Spel  (scuro*  of  noism  is  few  propciicr.  sad  fee  noise 

poeblaes  weiaSag  TwSfee  those  free  platen- eagiaeet  eiwavft  of  comparable  power,  bat  these 
are  diffaresboes.  yerexsmgi*,  the  amfcixrtioc  cf  molww  tdfei  few  tcrWa*  amgiat  end 

its  sjfeae*fc  yeodsoea  o  chsraotwsrisUo  tem&iag  quality* 
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Y-STOL  AIRCRAIT 

A  varifffc y  of  fixed  wing  aircraft  have  been  designed  to  take  off  or  land  vertically,  or  In  a  very 
short  or  to  hover  or  menoeuvra  slowly  at  low  altitude.  They  can  operate  without  airfields  or 

prepared  run*#?'®  end  eo  have  a  greet  Military  potential. 

Their  prlnoipal  disadvantage  is  the  noise  created  inside  and  outside  the  aircraft.  For  the  aviator, 
hie  situation  acoustically  ie  that  of  the  crew  nan  in  a  conventional  aircraft  at  take-off,  except  that 
in  the  V-Stol  aircraft  the  noise  is  sore  intents  end  the  aoaent  sore  prolonged.  The  engines  ere  working 
at  full  power,  and  ty  reflection  flora  the  ground  the  noise  la  re-inforced.  There  ie  serious  threat  to 
the  hearing  na  sound  pressure  levels  in  the  cockpit  My  exceed  125  dB. 

rotat  as  tor  meats* 

Jh  the  helicopter,  the  tra node* ion  system  conveying  poser  to  the  wain  end  the  tail  rotors  ie  the 
important  source  of  internal  nc4se,  and  produces  peeks  in  the  range  300  -  2,000  Bs,  and  this  has  a  bearing 
on  speech  Interference  and  toward  to  the  heoring.  Piston  engined  helicopters  and  their  exhausts  suit 
noire  comparable  to  that  of  similar  anginse  in  fixed  wing  aircraft.  The  wain  rotor  of  the  helioop  ter, 
although  it  does  not  work  under  the  sene  power  or  at  the  seae  tip-apeeda  aa  an  aeroplane  propeller,  salts 
appreciable  noise  -  and  "blade-slap",  a  chopping  noise  resulting  from  the  passage  of  the  wain  rotor 
blades  through  vortices  left  by  earlier  passages,  can  be  prominent.  This  can  rateable  each  in  e-gun  fire 
end  in  a  tactical  situation  can  sank  the  sound  of  this  weapon.  The  internal  sound  in  a  helicopter 
arises  fees  the  traasmiBOlon  cysts*  and  this  la  augmented  by  rotor  noise  which  will  change  with  the  power 
setting  and  the  angle  of  attack  of  the  blades  of  the  rotor.  Although  many  helicopter  flights  are  brief 
the  noise  hazard  can,  nevertheless,  be  serious. 

AIR  CUSHION  VEHICLES  (ACT) 

The  noise  of  an  ACT  internally  or  externally  is  generated  by  teas  engines,  the  trenaoisaion  system 
and  the  propellers  •=•  and  so  resembles  that  of  a  propeller  driven  aircraft.  The  engines  ere  powerful 

and  the  structure  relatively  light  eo  that  internal  noise  levels  are  high;  this  cakes  speech  ooonuni cation 
difficult,  and  can  be  a  hazard  to  the  hearing. 

Having  considered  the  source  of  the  noise  -  we  now  pane  to  the  question  of  conservation  of  the  hearing. 
AHDKHSTB1 

The  measurement  of  each  person's  hearing  before  employment,  and  at  regular  intervals  during 
employment,  it  the  second  principle  Involved  in  hearing  conservation.  The  routine  use  of  pure  tone 
audiometry  presents  no  practical  problems  in  the  management  cf  air orew  as  national  regulations  for  military 
personnel,  and  International  regulations  for  civil  personnel,  require  the  use  of  audiometry  ee  pert  of  the 
initial  medical  examination.  Regular  audiometrlc  checking,  perhaps  on  the  occasion  of  an  annual  o»didal 
examination,  is  well  recognised. 

Those  with  unusual  or  unaooept'.ble  patterns  of  hearing,  generally  combined  with  a  history  of  hearing 
loss,  will  be  weeded  out  on  entry  -  or  accepted  and  followed  closely. 

Difficulty  may  be  experienced  when  at  some  time  in  the  individual's  career  a  heoring  lose  is 
discovered.  Per  the  purpose  of  this  paper  wo  will  assume  that  all  other  possible  causae  of  hearing  loss 
have  been  excluded,  and  that  one  ie  dealing  with  &  noise  induced  hearing  lose.  It  may  be  that  the  hearing 
fells  below  the  accepted  standard,  and  the  aviator's  fitnaaa  to  <wvM«n»  flying  i«  questioned » 

It  la  useful  to  bear  in  mind  the  following  facts  when  miking  a  decision. 

In  practice,  as  avieter  is  unlikely  to  aake  use  of  s  range  of  speech  frequencies  greater  than  tcm: 
i  to  3  kHi.  He  may  need  to  hear  audio  signals,  which  have  net  exceeded  3  kHs  to  date.  In  addition, 
normal  oar  telephones  in  use  have  little  significant  response  above  3  kHz. 

Shilo  it  is  attractive  to  ignore  lessee  at  4  «Ss  and  above,  the  diagnostic  and  p»oga«atio  vslue  of 
auoh  losses  should  be  boms  in  mind. 

The  function  of  speech  discrimination  in  a  btokg.'cuiv'i  of  noise  aay  be  tested  and  saeasured.  1 
variety  of  techniques  have  been  devised  to  do  this,  but  provided  ftswtiesai  sffiodsasy  in  ambient  noise 
remains,  it  is  safe  to  permit  unrestricted  flying.  Whet  speech  diacrtoiiystica  sr-saeiaa  in  ambient  misf¬ 
it  ia  likely  that  racrultemt  of  hearing  it  ceourring,  This  is  a  ohasaeteriatio  of  deafness  in  which  the 
cochlear  end  -  organ  ie  Involved,  and  is  manifest  by  a  diminution  of  hearing  loss  with  inoreeming  signal 
loudness. 

Da  some  aireres  the  hearing  say  deteriorate  progressively,  cither  from  repeated  exposure  to  high 
noise  levels,  er  Sum  preeatuse  egsiag,  or  both,  hhilo  the  higher  frequencies  are  invoked  initjoeteiy, 
eventually  ioswee  will  spread  down  to  the  spwesi  range.  If  the  progeese  is  rcyid,  narelistsd  by  se*t- 
end  aggravated  by  further  exposure  to  seise  -  the  beat  policy  bo  to  advocate  vith&K*isi  fsm  flying, 
both  in  the  interests  of  the  individual  end  of  air  safety. 

It  is  a  point  of  pri  otieal  isportanse  that  it  is  the  hiring  c£  middle  ssged  aircrew  which  glwma 
greatest  cassis  for  concern.  Xa  military  aviation  the  os^rtuaiiy  for  ective,  c^ermtisnal 
after  the  age  of  40  with  the  *xrp«otetiaj  of  Setsaoaft  and  Staff  poet#,  fa  oivil  aviation  tea  axgaMStestiS?  of 

aa  ective  flying  career  ia  luagas  -  perhaps  to  ago  55,  thou^t  ten  ssa  my  have  to  ocet«4  with  i&fcwZs. 

dieebilitiee  associated  with  inert#  sting  -  afid  which  is  ttomwelvem  be  of  mare  serious  iagxrrt  thea 

hearing  lose. 

In  wsdam  night  the  aviator  oust  place  ieorweaing  relives  on  enditegy  ifts«aitiaat  it  ft&tessj 
that  tesa  quality  of  hearing  of  fly isg  pertonaal  i*  icyortcst,  fcsfe  ease  should  bo  in  halittoa 

to  hir  teak,  sad  tew  sxtsteaca  of  a  hearing  dafost  ie  toot  ia  itaelf  a  reaacoabl©  cat**  fas  arbiter  Kelly 

ending  a  flying  career. 


ssotbctioh  oy  the  hearbg 


Protection  of  the  hearing  la  the  third  principle  invoked.  This  la  achieved  by 

1)  attsopting  to  reduce  the  noise  at  source 

2)  by  enclosing  the  individual  to  reduce  the  ambient  noise  fro*  outride  source  ti 

3)  by  lit  ting  and  wearing  individual  ear  protection 

4)  b?  reducing  the  duration  of  exposure 

9ie  reduction  in  noise  at  source  in  aircraft  engines  is  a  continuing,  but  marginal,  benefit  free 
improved  deslgu  -  but  in  this  contort  tbs  benefit  is  largely  the  bounty  of  those  outside  the  aircraft t 
lap roved  design  will  also  reduce  aerodynamic  noise. 

Pressure  cabins  ere  thsaeelves  efficient  excluders  of  noise  end  additional  reduction  in  ambient 
noise  can  bo  achieved  by  suitable  cladding  in  the  cockpit  end  the  crew  spaces.  However,  secondary  power 
systems  in  the  aircraft  can  be  troublesome,  particularly  cockpit  conditioning  and  oxygen  systems  which 
may  pageant  aerodynamic  noise  which  enters  the  cockpit. 

Personal  protection  of  the  tars  is  provided  for  aircrew  »  alacst  universally  -  by  tome  fots  of  fluid 
seal  ear  naff.  There  are  nany  patterns  of  these,  all  of  coaoeroial  manufacture. 

The  basic  pattern  is  a  pair  of  ear  cups  (7 )  generally  of  plastic  material,  which  fit  ever  the  ear* 
and  are  held  in  position  by  a  tensile  headband.  The  rim  of  the  cup  is  fitted  with  a  fluid  seal  of 
plaetio  or  rubber,  with  suitable  tension  in  the  head  band.  This  provides  a  close  fit  to  the  side  of 
the  heed.  Sis  inside  of  the  eup  is  filled  with  sponge  rubber,  which  in  the  case  of  the  design  supplied 
to  aircrew,  supports  a  telephone  receiver. 

The  attenuation  provided  by  a  fluid  seal  muff  is  better  than  any  other  single  ear  protector,  being 
of  the  order  of  17  dB  at  63  and  12$  Ht  and  49  dB  or  more  at  2000  end  4000  Es. 

for  oivil  aircrew  and  for  military  aircrew  employed  in  transport  aircraft  each  a  uuff,  fitted  with 
a  boom  michrophcne  provides  good  protection. 

for  other  military  aircrew  the  seme  protective  device  is  inoorporoted  into  a  crash  helmet  -  the 
•’Bcao-dome'*.  The  padding  and  the  fibreglass  shell  of  the  ’•Bone-acme",  ee  well  as  ths  enugaan  of  fit, 
provide  overall  protection  against  noise,  and  so  protect  the  hearing  from  sound  transmitted  to  the  cochlea 
via  the  cranial  bones.  The  attenuation  of  such  a  helmet  then  worn  with  an  osygwn  ye  is  «a  avertgw  of 
41  dB  and  this,  ooupled  with  the  sealing  effect  of  the  pressure  cabin,  will  provide  adequate  protection 
for  aircrew  In  most  instances. 

It  is  interesting  to  recall  that  the  "Bons-dcsM*  is  the  lineal  descendant  of  the  original  doth  or 
leather  flying  helmet  -  which,  at  noise  levels  become  louder,  developed  larger  and  thicker  oircuaausal 
padding  to  protect  the  hearing* 

ADDXriOSU.  HtfiBUKS 

There  remain  additional  facets  worthy  of  mention.  The  first  is  the  problem  of  nolP*  enaewstered 
in  comeuafoaticn  systems  when  high  anbient  nolee  oan  be  picked  up  by  the  crew  member's  aiurophon©  while 
fee  *s  transmitting  -  and  so  mask  the  message.  Qtie  it  particularly  the  oaee  in  military  aircraft 
flying  at  high  speed  end  low  altitude,  whan  boundary  layer  noise  may  enter  the  cockpit.  So  helicopters 
angina  and  tranmsisdon  uoise  con  be  a  similar  problem  la  this  respect*  To  cos  extent  this  may  be 
alleviated  by  the  use  of  a  "noloe-canoelllng*  microphones  automatic  volume  control  way  also  be  helpful. 

S-scendly,  both  silitar.'  mad  civil  aircrew  may  bo  exposed  to  other  sources  of  haurdoua  noise, 
particularly  that  from  weapons.  It  is  not  unknown  for  oivil  pilots  to  Indulge  In  game,  olay  pigeon, 
or  target  shooting  aa  a  hobby,  and  for  military  aircrew  personnel  training  in  the  use  of  personal  weapons 
is  universal.  Cars  should  be  takw  that  aircrew  know  the  ticks  of  tuch  exposure,  and  that  thwy  are 
/  detected  by  suitable  plugs  or  surfs  when  exposed  to  weapon  noise. 

eisllarly,  the  effect  of  sole*  :Vc«  aircraft  operations  idling  on  crow  rooms  and  crews'  sleeping 
quarters  should  bo  rmwafeered.  Disturbed  sleep  and  reat  will  potentiate  the  fatiguing  effects  of  noise 
and  farther  decrease  working  efficiency.  Wiese  such  a  problem  exists  it  soy  be  eased  by  the  use  of 
double  glcsing  In  brick  oonatmoted  buildings. 
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1.  INTRODUCTSCN 

As  the  performance  of  aerospace  vehicles  hss  increased,  the  noise  generated  by  the  propulsion  system  and  by 
the  passage  of  the  vehicle  tlirough  the  air  has  also  increased,  so  that  new  it  is  tw»siWe  for  this  noise  to  damage  the 
aireraft/spacecrai't  structures,  and  to  penetrate  the  structure  causing  discomfort  to  passengers  or  malfunction  of 
expensive  payloads  and  guidance  equipment  Further  increases  in  performance  are  stow  underway  for  space  vehicles 
such  as  the  space  shuttL  vehicle  (Fig.  1  (si))  and  for  short  distance  takeoff  and  fending  (STOL)  aircraft  (Fig.  1(c)), 
and  are  being  planted  for  supersonic  aircraft  (Fig.  1(b)).  In  this  paper  the  flight  profiles  and  design  features  of 
these  hJ^petformsmce  vehicles  wiV.  be  reviewed  and  an  estimate  made  of  selected  noise-induced  structural  vibration 
problems.  As  appropriate,  considerations  for  the  prevention  of  acoustic  fatspue,  nofee  transmission,  and  electronic 
instrument  malfunction  will  be  discussed. 


2.  STOL  AIRCRAFT 

The  class  of  aircraft  under  consideration  is  suggested  by  the  following  table  of  performance  features: 


Weight  class: 
Cruise  speed: 
Landing  speed: 
Payload: 
Range: 


200,000  lbs 
500  Sigh 
83  knots 
150  passenger.- 
1,000  ml 


(890,000  N) 
(224  m/s) 
(44  m/s) 

(1610  km) 


These  aircraft  are  also  required  to  approach  and  takeoff  at  steeper  angles  than  current  conventional  aircraft  in  order 
t  )  reduce  tire  itofes?  exposure  on  the  surrounding  community,  and  are  repaired  to  use  short  runways,  perhaps  less 
than  830  meters  (266?  ft).  The  key  to  this  performance  with  an  aircraft  of  this  size  &  the  \m  of  propulsive  lift 
alimentation  concepts  such  as  shown  ia  Figure  2. 


2.1  Fropufeive  lift  eooetfste 

For  all  three  concepts  shown  hi  b%we  2,  the  objective  is  to-po^Uie  interegiiCH  between  the  cosine  exhsist 
stmm  and  tlw  w)« g^ag-  suffaegs  so  that  the  exhaust  stream  wfil  be  directed  downward,  addsitea^l  aerodynamic 
eirculaiton  will  be  indeed,  etd  the  additional  Sift  needed  for  steep  asy&j  approaches  and  takeoff  wife  be  ofc*“iiwd. 
The  concepts  illustrated  fe  Figure  2  krdnfte: 

(I)  extmsfe?  blown  ffepfc  which  the  engine  exhaust  stress  by  tfes  direct  of  flap  into  the 

stream; 


(2)  uypsf  surface  bt&wn  flsas,  which  deflect  the  ffreasa  by  ssrodyreuaic  pressures  Induced  by  r*m  aver  a 
cureed  surface  (€<i*©Sa  eftbeth  and 

(3)  the  wiffuta^ -ttefc  whlcfecssics  eshsfat  Sew  ©rougfe  dacte  to  the  of  the  .wing 

where  it  &  &eVs&  a  dteaeLai  the  trai&t§  edge  flips. 


ia  ees#  ©saeep  t  sekretty  nsWi&t  (pAs^feot)  alt  sbesm  ia  WwmA.  dear  to  fiS'tetlt&i 

surfaces,  ft  eat  br  txpg«t*4  that  'three-  tsabokat  «&>  ttdSI  mt®m  tSfcww  toio  the  structure; 

eudpetMMM  tfesa  he  fatea  into  UamM  (okm- 


As  tboam  ia  Figure.  3,  three  fife  mss?!  differ?*  touts**  of  fmsfestlsg  tot  both  tfe-  blown 

fiip  and  the  over-wing  blown  (lap.  The  taiUtes,**  fcsteaoe  yteasfty  mi  the  associated  dyawMe  lasdiag  issiiaa  on 
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the  structure  are  different  in  each  of  these  flow  regions.  The  type  of  loading  action  to  which  any  part  of  the  wing- 
flap  system  is  exposed  depends  on  the  geometric  arrangement  of  the  configuration  (such  as  the  engine  location  and 
number  of  flaps)  and  upon  operating  conditions  (such  as  angle  of  attack,  forward  speed,  and  engine  power  setting). 
Thus,  a  great  diversity  of  loading  conditions  is  likely  to  be  encountered  during  the  operation  of  blown  flaps.  Clearly 
the  prediction  of  the  dynamic  loads  for  structural  design  requires  a  knowledge  not  only  of  the  jot  turbulence/noise 
mechanism,  but  also  of  the  effects  of  interaction  of  file  jet  with  the  structure.  Research  in  this  area  has  been 
stimulated  recently  by  proposals  to  use  blown  flaps,  but  recent  reviews  have  indicated  that  additional  research  is 
needed  before  design  loads  can  be  predicted  confidently. 

Some  experimental  data  is  available,  and  sample  results  will  be  discussed  in  the  next  few  paragraphs. 

23  Experimental  studies  of  jet  impingement 

Three  recent  experimental  studies  of  jet-flap  interaction  have  been  carried  out  in  an  effort  to  obtain  data  on 
realistic  aircraft  configurations.  Photos  of  the  models  and  test  setups  are  shown  in  Figure  4.  These  tests  covered 
ranges  of  file  parameters  jet  diameter  (model  size),  jet  Mach  number,  jet  temperature,  forward  speed,  aircraft  angle 
of  attack,  and  flap  angle  settings.  Fluctuating  surface  pressures  were  measured  with  flush-mounted  transducers 
located  along  the  jet  centerline  of  all  three  models  and  at  several  span  wise  locations  on  the  small  scale  cold-jet 
model.  Results  from  these  tests  confirmed  the  complexity  of  the  jet-flap  interaction  phenomena  by  showing 
complicated  relations  between  the  measured  pressures  end  the  parameters  that  were  varied  (such  as  jet  Mach  number, 
angle  of  attack,  and  geometric  location).  Consistent  results  were  obtained  for  several  gross  features  of  the  surface 
pressures  from  these  series  of  tests,  however.  For  example,  Strouhal  number  (jet  diameter  x  frequency/jet  velocity) 
w&j  found  to  be  an  appropriate  non-dimensional  parameter  for  relating  spectra  of  the  fluctuating  pressures  from  the 
various  tests.  Another  example  is  related  to  the  overall  pressures,  as  described  in  the  next  figure. 

2.4  Dynamic  pressure  coefficients 

In  Figure  S,  dynamic  pressure  coefficients  are  shown  far  the  three  models  shown  in  Figure  4,  for  a  wall  jet 
and  for  a  free  jet.  Dynamic  pressure  coefficient  is  defined  as  root-mean-squarc  of  the  fluctuating  component  of  the 
surface  pressure,  Prim,  divided  by  the  dynamic  pressure  of  the  jet  exhaust  stream  at  the  jet  exit,  q<  .  The  hatched 
areas  indicate  the  range  of  values  obtained  for  the  various  tests,  the  two  circus  are  two  individual  data  points 
obtained  from  the  hot-jet  model.  With  the  exception  of  the  two  circle  data  points,  the  maximum  values  of  dynamic 
pressure  coefficient  obtained  for  the  various  tests  fall  in  tbs  range  from  0.10  to  0.1  S.  Thus,  for  preliminary  design 
oiie  might  tsso  an  upper  bound  value  of  0, IS  for  Mach  numbers  up  to  about  one.  This  value  is  about  the  same  as 
die  maximum  measured  in  a  wall  jet,  and  is  about  three  timet  the  maximum  values  for  a  fine  jet. 

Additional  understanding  of  the  jet-flap  interaction  behavior  is  needed  aa  indicated  by  the  differences  in  the 
maximum  coefficients  obtained  for  large  and  small  jets,  for  hot  and  cold  jets,  said  for  different  Mach  numbers.  No 
suin  data  is  available  as  yet  on  dynamic  loadings  of  upper  surface  blown  flops  or  on  the  augmentor  wing  concept. 

23  Sound  pressure  loads  ou  aircraft 

It  ia  durable  to  express  these  STOL  flap  loads  in  dB  in  order  to  place  them  in  comext  with  other  types  of 
dynamic  loads  and  point  out  possible  implications  of  the  loading  levels  observed  with  regard  to  the  design  of 
externally  blown  flap*  Figure  6  presents  a  comparison  of  representative  sound  pressure  levels  of  several  sources 
of  acoustic  loading  on  aircraft  structures.  Based  on  post  experience,  it  ia  known  that  sonic  fatigue  becomes  a 
conridwati&a.fei  aircraft  structure!  detigrt  when  the  level*  begin  to  exceed  about  130  dB.  This  tower  limit  i*  not 
absolute  -a*  indicated  by  the  vertical  shading  between  th?  Horizontal  bars.  Smite  fatigue  becomes  *  major  design 
consideration  as  the  love!*  approach  160  dB.  The  top  four  totting  setioaa  have  been  fusodated  with  sonic  fctigve 
in  the  past  on  aircraft  structures.  Since  flap  loads  aw  seen  to  ha  of  a  cemparebte  order  of  magnitude  (and  have  a 
broad  bind  .spddtfam  capable  of  exciting  many  structural  modes  a*  shown  in  the  references)  it  may  be  concluded 
that  btewa  flops  may  also  be  subject  to  scute  fatigue  which  must  be  considered  in  the  design  of  the  wing  flap 
systems. 

2.6  eugiar  teotioa 

Public  aoceptssee  hSS  been  described  as  a  key  item  to  the  success  of  commercial  STOL  aircraft  operations. 

Noire  in  tho  i*  expected  to  Hare  *  sifctifiaot  effect  oo  pasaeagEf  ocwufort,  and  therefore  prereaper 

acceptance.  Aa-guteffiag  point  in  evaluating  the  STOL  bHesto*-  noire  s»tu#tbi;a  tire  «#hre  fetation  «Mgs  consider¬ 
ations  may  &  cohtfdttaf,-.'  Gsaisttfiaf  STOL  aircraft  to  caarentlecal  siretaft,  e**hown  in  fire  t&erehoa  in  Figure 
7,  it  spps#*  ihatihe  es&m  of  fire  aircraft  are  located  krtiare  t&wmd cteaar  teboard  than  the  eagtee* 
of  cenventioud  aiiaift.  There  are  triredu*  for  tiris  that  are  aewdatod  wife  the  5T*OL  aitatea  prorite  sad  fiff> 
augarentatka  First,  ihaeogtee*  must  be  Rxnted  reefi  forerard  c*  tire  wet#  to  obtain  o»:  'assan  rift- 

eencutiag  b^«resh;thg'etig^0glt«iM  Mteissi .«sd  tha  ttrifacat  Second,  tire  sagfesre  must  be 

teat ed  u  fer  biKcird  as  potsihk  »  that  any  rowing  t»vk4-''  5  routing  ftore  ah  utuutiidpoted  engine  (ktiuce  during 
the  psofteuis«m4iU  mode  of  oparalkre  car  be:  utfcly  cootreikd. 
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The  forward-and-in-bcard  engine  location,  however,  bring*  the  noise-generating  exhaust  jet  closer  to  the 
passengers  (along  with  other  noise  generators  such  as  those  described  in  Figure  3).  Therefore,  for  a  given  engine 
and  structural  design  concept,  the  interior  noise  problem  could  be  expected  to  be  more  severe  for  a  STOL  design 
aircraft  than  for  an  equivalent  conventional  design.  Of  course,  many  other  complicating  factors  such  as  engine  type 
and  thrust,  reverse  thrust  mechanism,  characteristic  spectrum,  and  wing  shielding  effects  (suggested  by  the  front 
views  in  Figure  7)  enter  the  interim1  noise  level  problem. 

An  attempt  to  account  roughly  for  engine  thrust  level  effects  and  to  measure  numerically  the  engine  location 
ideas  suggested  by  Figure  7  has  been  made  and  the  results  are  shown  in  Figure  8. 

2.7  Normalized  engine  location 

in  Figure  8,  the  geometric  location  of  the  engine  exhaust  is'  plotted  in  plan  view  relative  to  the  location  of  the 
passengers.  The  fore-and-aft  location  is  plotted  relative  to  aircraft  length,  i.e.  the  distance  from  aircraft  nose  to 
engine  exhaust  has  been  divided  by  aircraft  length,  while  the  spanwise  distance  has  been  divided  by  engine  thrust  in 
an  attempt  to  account  for  differences  in  engine  thrust.  Considering  first  the  data  for  four  engine  aircraft,  indicated 
by  the  circular  symbols,  it  is  seen  that  the  STOL  engines  are  indeed  farther  forward  and  closer  inboard  than  the 
engines  of  conventional  aircraft.  The  same  is  true  for  two  engine  versions  of  STOL  aircraft.  These  considerations 
suggest  tliat  considerable  effort  may  be  required  to  obtain  noise  levels  low  enough  to  be  satisfactory  to  STOL 
aircraft  passengers. 

2.8  Summary  of  aero-acoustics  for  STOL 

The  currant  situation  regarding  fluctuating  surface  pressure  loads  and  the  resulting  structuiol  effects  for  STOL 
aircraft  are  indicated  in  Figure  9.  The  thoughts  expressed  in  Figure  9  are  derived  from  the  experiments  described 
in  the  references  and  summarized  in  Figures  4  to  6,  from  a  review  of  relevant  literature,  and  from  discussions  with 
some  of  those  having  a  practical  knowledge  of  the  acoustic/structuial  design  situation.  The  main  thought  that 
comes  through  is  that  design  of  STOL  aircraft  to  have  acceptable  sonic  fatigue  life  and  interior  noise  levels  requires 
improved  ability  to  predict  fluctuating  pressure  levels  for  STOL  configurations  and  to  modify  configurations  to 
obtain  lower  levels  or  to  withstand  the  high  levels  that  preliminary  estimates  indicate.  Research  programs  to  develop 
such  prediction  techniques  and  to  develop  noise  resistant  structures  are  underway  in  the  United  States. 

From  the  fluid  mechanics  point  of  view  the  STOL  situat!<'"  is  sr*n?wb  »l  differ*-"?  frrr.  past  for  two  reasons. 
First,  the  interaction  between  the  engine  jet  and  the  wing/flap  surfaces  changes  the  jet  flow  field,  and  results  in  a 
complex  flow  field  whose  steady  components  are  not  yet  fully  predictable.  Knowledge  of  the  steady  components 
would  seem  to  be  required  before  the  turbulent,  and  resulting  fluctuating  surface  pressure  and  acoustic  components 
could  be  understood.  Second,  the  region  of  interest  in  the  flow  field  is  within  the  turbulent  region  where  pseudo¬ 
sound  or  hydrodynamic  flows  may  predominate  rather  than  in  the  acoustic  far  field  or  near  field.  Turbulent 
regions  of  flow  seem  to  have  yielded  slowest  to  understanding  of  their  behavior. 

Direct  interaction  ol  an  engine  exhaust  jet  with  adjacent  structural  surface*  is  of  interest  not  only  for  the 
STOL  speed  range  but  alto  for  supersonic  speeds  a»  discussed  in  the  following  paragraphs. 


3.  ADVANCED  SUPERSONIC  TRANSPORTS 

The  outstanding  acoustic  feature  affecting  the  development  of  a  supersonic  transport  ha*  been  the  sonic  boom. 
In  the  US  this  feature  has  eclipsed  all  other  considerations.  Nevertheless,  there  tic  other  important  problems 
associated  with  the  acoustic*  of  supersonic  aircraft,  some  of  the  sources  are  indicated  in  Figure  10. 

3.1  Acoustic  sources  for  supersonic  skeraft 

The  fluctuating  surface  pressures  associated  with  the  acoustic  sources  indicated  in  Figure  10  must  he  considered 
in  designing  empennage  structure  to  withstand  acoustic  fatigue  end  in  designing  fuselage  structure  to  keep  out  noise. 
Current  indications  are  that  the  considerable'  efforts  that  went  into  the  structural  design  of  currently  operational 
supersonic  transports  have  been  successful  The  r.cfee  sources  indicated  in  Figure  10  must  also  be  considered  in 
design  of  the  advanced  supersonic  transports  row  under  condderaiion  foe  flight  at  speeds  in  the  2.7  Mach  number 
range.  In  addition,  however,  current  design  considerations  suggest  that  engine  exhaust  impingement  loads  may  be 
important  *s  indicated  in  Figure  11. 

32  Pcaribk  engine  locations  for  advanced  etptraoik  transport* 

The  sketches  in  Figure  1 1  show  two  of  the  engine  kxatkm  configurations  under  ©Masfes&tran  fas'  accond- 
generation  superaouic  transports.  The  benefits  of  these  engine  locations  a re  suggested  at  tlvs  knrar  kit  of  P&tsse  i  1. 
Community  nose  reduction  could  occur  by  the  shielding  effect  of  the  wisg,  which  wcuif  reflect  ess&irt-s  \»bs 
upward  *ftd  thus  away  from  the  community  on  the  ground.  Lift  augmentation  could  occur  due  to  the  aa&stiyjkmte 
circulation  induced  by  the  flow  of  engine  exhaust  owe  the  top  surf  tee  of  thcyna$.  at  tie  sasw  time  hawtver 
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turbulent  engine  exhaust  would  be  imposing  large  fluctuating  pressures  over  very  large  areas  of  wing  and  fuselage 
structure,  increasing  the  difficulty  of  designing  fatigue  resistant  structure  and  quiet  interiors.  It  would  be  valuable 
if  it  were  now  possible  to  predict  the  fluctuating  surface  pressures  for  these  engine-impingement  areas  so  that  the 
penalty,  if  any,  associated  with  these  designs  could  be  balanced  against  the  advantages  listed,  but  to  this  writer’s 
knowledge  this  engine  loading  situation  has  not  been  investigated  for  the  engines,  exhaust  velocities,  „ad  forward 
speeds  associated  with  supersonic  flight. 

Again  from  the  fluid  mechanics  point  of  view  the  change  of  jet  flow  field  due  to  the  interaction  with  the  wing, 
and  the  central  interest  in  the  turbulent  region  of  the  flow  are  features  which  have  not  been  studied  extensively  in 
the  past. 


4.  .SPACE  SHUTTLE 

4.1  Aero-acoustic  load  sources 

The  major  sources  of  fluctuating  pressure  loads  on  the  space  shuttle  vehicle  are  indicated  in  figure  1 2.  At 
launch  the  sound  pressures  originating  in  the  engine  exhaust  radiate,  and  are  reflected  from  the  g.  nd.  upward 
along  the  complete  vehicle.  These  loads  subside  as  the  vehicle  picks  up  speed,  and  the  loads  associated  with  ascent 
increase  and  reach  a  maximum  near  the  time  of  maximum  dynamic  pressure  and  Mach  1 .  During  supersonic  flight 
fluctuating  pressures  associated  with  shock  waves  are  important.  Later  the  solid  rocket  motors  and  the  liquid 
propellant  tank  are  released  and  the  orbiter  vehicle  proceeds  into  orbit.  At  the  time  of  re-entry  from  orbit  separ¬ 
ated  flows  and  boundary  layer  noise  may  occur,  perhaps  near  the  rime  of  maximum  heating.  In  the  next  few 
figures  the  magnitudes  and  distributions  of  the  fluctuating  pressure  loads  will  be  discussed  for  each  of  these  rimes 
of  flight. 

4.2  Shuttle  engine  launch  noise 

The  magnitudes  and  spectra  of  the  engine-induced  noise  loads  at  lift-off  of  shuttle  are  indicated  in  Figure  !3. 
The  overall  SPL  is  shown  to  be  168  dB  at  the  base  of  the  vehicle,  decreasing  to  160  JB  at  thr  sose  of  the  orbiter 
and  158  dB  at  the  nose  of  the  liquid  propellant  tank.  The  spectra  indicate  that  the  maximum  energy  in  the  sound 
occurs  at  frequences  from  about  30  to  125  Hz.  Thus,  these  noise  levels  are  high  enough  that  experience  suggests 
they  wiH  constitute  a  significant  design  consideration,  and  the  spectra  show  laige  ercagy  at  frequencies  where 
structures  can  be  expected  to  have  resonances,  in  particular,  the  high  noise  levels  surround-  the  cats??  arbiter 
which  has  g  unique  thermal-protection  stiucturc  that  will  be  described  totos.  Th?  exterior  <:>*'  the  paybad  bay  is 
covered  with  intense  low  frequency  noise  that  nuty  be  difficult  to  keep  from  damaging  tklteate  scientific  payloads. 

4 3  Shuttle  ascent  loads 

Fluctuating  pressure  loads  during  ascent  art  shown  in  Figure  14.  The  sketch-"**  rite  upper  right  indicates  that 
intense  pressures  exist  on  the  external  wail  of  the.  payload  bay,  as  they  did  st  launch.  Titus,  high  payload  noise 
levels  may  exist  for  long  times  during  launch  and  ascent.  Data  from  the  three  locations' shown  h*  the  sketch  at 
the  lower  right  are  graphed  at  die  left  of  {fee  figure .  These  data  indicated  dust  the  noise  energy. &  concentrated  st 
low,  structurahresonant,  feque-'KitsH  and  that  the  no its  level*  remain  at  fairly  high  values  over  a  krye  range  of 
Mach  Bumbsr. 

4.4  Shuttle  tWBUy  ffsctuaiiag  prsmaa 

Fluctuating  pstssura  sriMtsted  for  an  early  version  of  the  ihutife  orbiter  ant  tfeovn  ia  Pksre  15  for  th*  re¬ 
entry  pham  of  WhBe  the  spectre  still  indicate  energy  at  (or  below)  frequences  where  s&tte&re!  ra&aancre 
caa  be  expected,  t&d  StfCttB  fluctuating  pressure  Wfe  Utftt)  are  somewhat  fn»  fcso  for  the  other  of 
High?.  These  loads  may  therefore:  be  fee  critical  than  lauach  or  saces-t  loads. «  tens  **  ifesy  don’t  Mrterwa  akrongjy 
wifi)  effect*  caused  by  the1  temperatures  of  re-entry  (thosm  ^  I6L 


4.5  Sa-ostey  {.iEt"-vsaiv*«  c*  ifcuttk  oshtte? 


T&9  distiibUltffls  of  tejnpsfstuns  over  five  tuifaw  of  ths  jijijrfVs  ocMfes-  during  registry  is  shows  ta  Figtsre  16. 
These  temperature*  tf*  typical  of  s*-s*riry  of  &vts  orbit,  «nd  are  high  rwough  that  vhxags*  of 

foaietus!  properties  temperature  nrusl  be  tj&ea  into  wfewaL  la  p&iktiks,  csssjss  of  the  fesigse  fsilurt 
behavior  of  shuttle  rasSaftsit  arid  structures  trade?  tiw»  ttsipwaftsfea,  hi  om&kutZten  with  os&vt? 


eJUfcs,  must  be  knows  in  ©rdsr  »  ataem  tlw  tftectr  fif  &e  cyclic  states;**  due  to  Che  ptemtae  Jbedts. 


Tfj*  structural  system  that  hss  bem  proposed  i*  tfvoura  te  t?. 


4j5  S-fijtiie  fiverefef  jKotscikM  *jw»a  (TVS) 

Ti»  shsrifi*  tfettral  ptxUfcetica  system  (Ptg.iT}  ajex&j  ef  iejs|j»w«t,  fiserstfi  invuUSots  ih*l 

enclose  the  low  ttssporsiwe  shasuauat  ifisd  besoag  Three  sypgg  sf  iax-ftrifi;  s*.  utsd  foi  ds&retK 


temperature  ranges.  The  materials  are  designed  to  be  re-used  for  as  many  as  1 00  missions.  The  surface  areas  of  the 
orbiter  are  covered  with  rectangular  tiles  that  rest  upon  a  high  modulus  strain  arrestor  layer  and  upon  a  low  modulus 
strain  isolator  layer.  These  layers  are  intended  to  prevent  strains  from  occurring  in  the  tile  material  when  the  sub¬ 
structure  flexes  due  to  loads  or  changes  dimension  due  to  temperature.  The  acoustic  loads  may  thus  be  the  only 
loads  imposed  on  the  tiles.  The  tile  material  is  a  fibre  reinforced  silica  ceramic  material  for  which  tittle  basic  design 
information  is  presently  c  cilcble.  Preliminary  indications  are  that  the  material  is  of  low  density  (less  than  0.24 
specific  gravity),  low  modulus  (0.006  that  of  aluminum),  and  low  strain  to  failure  (less  than  0.1  percent).  The 
design  process  intended  to  prevent  acoustic  load  failures  of  the  TPS  is  indicated  in  Figure  1 8. 

4.7  Structural  acoustics  of  TPS 

Five  major  activities  indicated  in  Figure  1 8  are  needed  to  assure  a  satisfactory  thermal  protection  system.  Early 
definitions  of  the  loads  (due  to  acoustic  sources)  and  structure  serve  to  support  design  life  predictions  that  lead  to 
approximately  the  correct  structure.  Early  definitions  of  loads  and  structures  have  been  presented  here;  damping 
tests  are  underway  (Ref.  13)  and  analyses  are  being  prepared  rFig.19).  Figure  19  indicates  that  advanced  and  detailed 
structural  analysis  methods  are  being  utilized  to  obtain  detailed  stress  and  strain  distributions.  Once  candidate 
designs  have  been  obtained  mission  lifetime  tests  are  carried  out  to  help  choose  between  candidates  and  to  demon¬ 
strate  the  capabilities  of  the  best  design.  A  facility  at  NASA  Langley  Research  Center  used  for  such  test.;  is  shown 
in  Figure  20.  Finally,  for  both  the  test  phase  and  for  routine  inspection  between  missions,  methods  must  be 
developed  for  detecting  failures  using  non-destructive  tests  (NDT)  and  for  solving  dynamic  problems  as  they  arise 
either  by  re-design  or  by  temporary  “fixes”.  As  indicated  by  the  word  “noise”  in  the  left-hand  margin  of  Figure 
18,  three  of  these  activities  require,  or  could  benefit  from,  effort  and  developments  in  the  field  of  noise  mechanisms. 
Data  already  presented  has  shown  that  aero-acoustic  technology  has  provided  estimates  of  fluctuating  pressure  loads. 
Mission  lifetime  tests  depend  for  their  validity  on  accurate  simulation  of  flight  fluctuating  pressures;  therefore 
continued  efforts  by  aero-acoustic  specialists  are  required  to  assure  accurate  simulation  and  to  develop  new  simula¬ 
tion  techniques.  Finally,  developments  such  as  acoustic  emission  techniques  for  NDT  can  be  valuable  contributions, 
while  developments  that  would  reduce  the  applied  loadings  either  by  frequency  shifts,  re-direction  of  the  noise,  or 
by  reduction  at  the  sources  (as  is  being  attempted  in  the  community  noise  area  and  in  the  aerodynamic  drag  area) 
could  greatly  ease  the  structural  design  problem. 

4.8  Sumssary  of  aero-acoustics  for  shuttle 

A  summary  of  the  aero-acoustic  considerations  described  in  this  discussion  for  shuttle  is  presented  in  Figure  21. 
Tile  main  joints  are: 

(1)  that  a  substantifil  effort  is  required  to  assure  &a!  the  thennaJ  protection  system  dees  its  job  without 
failure  due  to  acoustic-type  loads  and  without  weight  penalties  to  the  shuttle  vehicle,  and 

(2)  ifeit  sahsf^ctiai «  ='portunities  exist  for  advances  in  aero-acoustic  technology  to  contribute  to  the  shuttle 
development  in  the  areas  indicated  in  the  figure. 
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DISCUSSION 


Prof.f  .E.Si<M®a  inquired  about  the  siaius  of  some  rece  work  on  the  use  of  porous  structural  surfaces  to  reduce 
radiated  noise.  Dr  Mixw>n  replied  that  the  Langley  sponsored  work  with  BBN  was  completed,  and  that  significant 
noise  reductions  had  been  observed,  but  that  the  effects  of  the  porous  surfaces  on  the  lift  and  drag  of  the  aero¬ 
dynamic  surfaces  had  not  been  completely  evaluated.  Dr  Mixson  went  on  to  point  out  that  the  porous-surface 
work  was  one  example  vf  StudloS  lit  the  tupft  v> f  iTitOsuCtlcr.  of  turbulent  flows  with  non-rigid  structural  surfaces, 
and  that  this  area  holds  the  opportunity  for  fluids  and  structural  specialists  to  cooperate  on  solutions  of  such 
important  problems  as  the  reduction  of  turbulence  drag  by  appropriate  fluids/dynantics  design  of  the  structural 
surface. 


Dr  A.DMeIacker  then  observed  that  he  and  his  colleagues  had  been  working  for  about  ten  years  on  such  methods 
of  turbulence  d.ag  reduction  but  had  not  been  able  to  progress  to  the  solution.  The  paper  co-authored  by  Dr 
Dinkelacksr  was  mentioned  as  his  latest  effort  in  this  area. 

itag.Gen.R.Legssdre  pointed  out  that  die  acoustic  fatigue  problem  mentioned  in  the  paper  was  not  a  new  problem, 
but  had  occurred  and  had  been  solved  during  the  development  of  the  Caravelle  Aircraft. 
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RESOLUTION  OF  TURBULENT  JET  PRESSURE  INTO 
AZIMUTHAL  COMPONENTS 


by 

H.V.Fuchs 

DFVLR-Iustitut  fbr  Turbulenzforschung,  Berlin 
(presented  during  Session  1) 

1.  INTRODUCTION 

Ten  years  have  gone  by  since  the  first  AGARD  Specialists’  Meeting  on  Noise  Mechanisms  was  held.  The  meeting 
was  documented  in  AGARD  Reports  448—469.  Many  of  the  problems  and  ideas  first  discussed  at  the  1963  meeting 
have  stimulated  research  in  various  fields.  Among  these  problems  were  the  following: 

(a)  is  there  any  chance  of  measuring  fluctuating  pressure  accurately  in  the  stream  itself  by  inserting  a  probe? 
(References  I  and  2  pp.8-1 1) 

(b)  How  do  we  interpret  narrowband  time-  and  space-correlations?  (References  3  and  4) 

(c)  Is  turbulence  in  a  jet  more  coherent  than  was  believed  previously;  and,  if  so,  would  a  coherent  emitter 
not  be  much  more  efficient  than  random  emitters?  (Reference  S) 

These  questions  could  be  seen  to  originate  from  an  uncertainty  present  in  aerodynamic  noise  research,  namely, 
how  to  find  the  most  appropriate  turbulence  model  to  be  introduced  into  the  theory.  Sears*  described  this  conti- 
nouriy  unsatisfactory  situation  in  his  evaluation  report  on  the  second  AGARD  Specialists’  Meeting  in  1969: 

“For  the  turbulent  jet,  indeed,  fundamental  understanding  is  meager  .  .  .  Cleai'.y,  we  are  suffering  from  our 
incomplete  understanding  of  turbulence  itself  and  it  is  commonplace  to  recommend  once  again  that  fundamental 
studies  in  that  area  be  encouraged.” 

To  question  (a)  it  was  argued  by  Ffowcs-Wiiliams  in  1963  in  the  discussion  of  paper1  and  also  in  the  round  table 
discussion1: 

“l  think  it  is  possible,  even  In  principle,  to  get  al  the  pressure  by  simple  probe  measurements...  By  inserting 
the  probe  one  changes  the  flow  at  the  probe  position  by  eliminating  the  term  $pu: .  This,  by  oil  accounts,  is 
large,  to  I  doubt  whether  it  will  ever  be  possible  to  measure  static  pressure  in  this  way.” 

Large  efforts  have  neveriheles*  been  expended  and  considerable  progress  has  been  made  since  1963  in  measuring 
fluctuating  pressure*  within  turbulent  flow*. 

Fuchs1  ©Ks  Kddoa*  have  shown  independently  that  there  ore  flaw  configurations  where  the  error  mentioned  by 
Ffowcs-Willisms  doe*  cot  impair  the  pressure  messurwcenU.  In  the  core  region  of  a  subsonic  jet,  for  Instance,  the 
ratio  p/pll3  (where  £  and  Q  represent  r.m.s.  pressure  and  velocity)  exceeds  the  critical  value  or.*  by  orders  of 
magnitude  a*  msy  be  seen  in  Figure  1  which  was  taken  from  Reference  9.  Static  pressure  probes  ire  now  successfully 
used  in  jet*  by  rt*eareh  groups  affiliated  with  Sdurton  and  Match*®  (8 BN  Inc.  and  University  of  California),  at  the 
General  Electric  Co.  (NeganKtsu  and  others),  and  at  Pfcrinsyhaala  -State  University  (Arndt  and  co-wotkm).  Further¬ 
more  a  group  connected  with  Kakanttni  (Otaka  University)  uses  the  pressure-probe  technique  for  measurements  in 
turbulent  duct  flow*. 

The  measurement  of  turbulent  jet  pressure  appear*  to  have  also  stimulated  the  dtscuefcro  of  the  structure  of 
jet  suibulease  when  cross  correlntkau  between  tbs  signals  of  an  hasted  microphone  ar*d  a  hot  wire  probe  were 
firM  reported  by  Liu,  Fishe  and  Fucha15.  After  this  project  was  completed.  Lcu!J  developed  a  new  kind  ofoondi- 
ti&ioi  tamphag  technique  in  order  to  get  a  better  liadersUsdtng  of  hew  turbulence  before*  in  s  cimrkr  jet,  The 
preaeftt  author'1,  on  the  other  hand,  favoured  -  -arrow band  r-paee  correkUoui  tr  a  means  of  iaveafigatiag  the  space- 
time  structure  of  the  turbulent  pressure  field  in  more  detail. 

Question  (b)  concerning  the  iaterprealicn  of  filtered  tisse-  and  tptce-eorrekiiotu  «u  already  discussed  In  1963 
by  Shiiwt  and  Haedle*: 
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“The  time  correlation  of  the  received  signal  is  &  function  oi  the  filter  only,  and  is  entirely  independent  of  the 
turbulence.  The  transition  to  the  power  spectrum  has  eliminated  the  phases;  the  limitation  to  a  narrowband 
iias  eliminated  ail  the  remaining  properties  of  the  turbulence.  All  statistical  phenomena  whose  spectrum  does 
not  vuy  over  the  received  bandwidth  will  therefore  have  the  same  time-correlatiou  function. ,  .  If  the  turbu¬ 
lence  were  frozen,  space  and  time  would  be  SRterchangeabtj.  Time  delay  r  would  then  be  equivalent  to  the 
coordinate  cliange  Ur  in  the  direction  of  the  fiow,  which  is  equal  to  the  distance  traveled  by  the  turbulence 
during  the  time  interval  r  ;  and  the  space-  and  time-correlation  functions  would  be  the  same.  But  the 
turbulence  is  not  frozen;  the  eddies  deform,  decay,  and  build  up  again;  aid,  ts  a  con->  juencc,  sp^eo-  time- 
correlat'on  function1;  are  different,  the  two  functions  have  a  similar  shspe,  but  the  osoSri&ons  of  the  sp„ce- 
correlafion  functions  usually  decrease  at  a  much  higlier  rate  than  those  of  the  time-correMnss  functitm .  .  . 
Thus,  the  space -correlation  function  ,s  a  measure  of  the  deformation  ar,d  of  the  reshaping  of  the  turbulent 
patches-/* 

It  is  noted  that  this  interpretation  of  inhered  space  correlations  agrees  with  tissl  given  in  t fee  discussion  of 
equations  (A.6)  a.nd  (A.7)  of  Reference  12.  A  strong  statistical  coherence  was  found  in  Reference  1 2  for  certain 
frequency  bands  of  the  pressure  in  shapes  norms!  to  the  jet  axis  for  kieral  as  well  as  for  circumferential  probe  dis¬ 
placements.  The  corresponding  narrowband,  longitudinal  space  correlations  indicated  that  these  coherent  frequency 
components  travel,  downstream  in  an  aunost  wave-iike  nianrNsr.  Other  frequency  bands  of  the  pressure  field  were 
found  less  coherent  in  the  longitudinal  v,  well  as  in  the  lateral  and  circumferential  directions. 

3f  the  fluctuating  pressure  in  the  jet  is  underetood  as  being  induced  by  the  same  mechanisms  which  are  respon¬ 
sible  for  the  so.  ,id  generation  process,  one  arrives  at  the  above  mentioned  question  (c)  which  was  raised  in  1963  by 
Mollo-Christen  n5  (in  connection  with  his  strongly  coherent,  row  frequency,  near-field  pressure  patterns): 

“Of  course,  correlation  measures  only  the  coherent  £art,  which  may  be  a  .mall  fraction  of  the  total  energy  in 
the  fluctuating  field.  On  the  other  hand,  a  coherent  emitter  Ls  much  more  efficient  than  a  random  emitter. 
Even  if  it  is  weak,  it  may  emit  more  sound  than  a  much  more  intense  random  e&r«*te. 

This  question  (c)  could  well  modify  Lighdiili’s  "indepeisdent-eddy-crwicept”  which  still  prevails  among  aero- 
acousticians  in  their  picture  of  how  noise  is  generated  aerodynamically. 

The  importance  of  coherent  structures  for  jet  noise  hg. .  on  the  basis  of  sc. me  new  exp  erimental  pressure  data, 
become  more  than  pure  speculation  since  MIchalke13  has  developed  his  expansion  schema  for  noise  from  ciicular 
jets.  This  scheme  not  o**lv  considers  natural  symmcUy  conditions  which  are  f  ical  for  circular  ;  >s,  but  is  also  most 
capable  of  taking  into  ac< -mint  large-scale  coherent  phenomena  of  jet  turbulence  where  these  arc  fc  nd.  The  theory 
readily  predicts  the  relative  acoustic  efficiency  of  axlsymmssUc  and  other  errmu  M  source  ~'%rnponent  under 
varying  conditions.  The  obvious  dominance  of  the  lower-order  azimuthal  campon  s  of  the  urbute  sources 
brings  us  to  the  main  topic  of  this  discussion  contribution. 


2.  EXPERIMENTAL  ANALYSIS  OF  THE  TURBULENT  JET  PRESSURE  FIELD 


The  hitherto  obtained  results  from  overall  and  narrowband  corrtitUoes*0*13  provided  iei  only  qualitative  idea 
of  the  coherent  nature  of  the  fluctuating,  preaure  u,  a  Jet.  The  m«r  ’  '  tenoe  ol  rlaijittesi  intercfcpeodeitco  over 
distance!  spanning  the  whole  noisc-produdng  region  was  indeed  us*x,  ted  tad  startling.  The  question  about  its 
relevance  to  the  noise  problem.  neverattetesa, .  rqufecs  more  quantitatt*.  lata  of  h?~3>*  strong  (in  fluctuating  energy, 
for  instance)  the  large-scale  coherent  part  is  relative  to  the  red  of  a  kxx,.y  astssurou  tuibulent  quantify. 

-  Is  the  coherent  structure  perhaps  an  almost  negligible  quantity  wfekfr  could  only  be  detected  by  sophisti¬ 
cated  and  obscure  correlation  techniques? 

Is  it  sensible  to  normalize  cortelitkm  ftuwtioas  by  tom?  baft  riiks  vtfceo  these  very  by  a  factor  of  ten  and 
more  within  “correlation  volume*"? 

-  How  can  v  cortege  ooretidmbfc  soujvd  emiisiaa  fro  '  waves-Ske  disturtteaeai  which  grow  and  decay  while 
travelling  downstream  robaonicaliy? 

With  these  and  other  porasfeie  objections  in  mind  a  very  simple  model  is  proposed  here  which  is  based  on  tod 
adjusted  to  Mkialke’s  expsnssca  ybr.roe'V 

2  5  TH  Model 

In  this  set  of  experiments  «e  uui,  for  dmpbeify.  ruitkt  ouracbea  to  the  turbulent  pressure  field  in  e  fixed 
plane  normal  to  the  >ei  axis  (Fig.2). 

For  any  given  iailant  of  true  the  penua*  on.  a  radius  r  Grom  jet  axis  mtfet  vritk  in  *«h  a  way  that 
it  repeats  itself  after  360’  tie  matter  hew  random  the  dwtamticn  rs*y  be  <so  ukA  c  circle,  ft  is  then,  of  course, 
fr  iel  to  analyse  fids  saasantenoaui  pressure  ditlribufioe  la  a  Fourier  scries  of  a  fcdatmhai  coapooetria.  The 


phase  character  of  the  lower  o  der  components  (m  =  0,  1.2)  is  -nuicaled  ;,i  Figure  2.  The  m  =  0  component 
may  be  called  axisymmetric  since  both  magnitude  and  phase  of  this  component  are  constant  on  r ,  i.e.  independent 
of  \fi  .  At  some  instant  later  the  magnitude  and  phase  will  have  changed  in  an  unpredictable  manner;  but  again 
there  will  be  no  variation  circumferentially.  For  the  m  ~  I  component  the  sign  of  the  pressure  may  be  positive 
on  one  half-circle  and  negative  on  the  other  simultaneously.  The  m  =  2  component  changes  stgn  four  times,  and 
so  on. 

It  is  noted  that  magnitude  srJ  phase  of  ail  the  individual  azimuthal  components  may  va.y  wit'1  r  and  x  . 
Certain  specific  features  of  a  circular  jet,  in  particular,  enable  the  following  assumptions  to  be  made; 

(i)  For  symmetry  reasons  the  magnitude  and  phase  of  the  various  azimuthal  components  fluctuate  wit!  no 
statistical  coupling  K-etw...  -  different  components.  The  axisymmetric  component  in  particular,  is 
uncorrelated  with  the  remaining  azimuthal  components  (cf  Reference  1 3). 

(ii)  The  pressure  on  the  axes  of  a  strictly  symmetric  circular  jet  consists  of  only  the  axisymmetric  component 
with  all  the  others  vanishing  there. 

(iii)  The  axisymmetoc  pressure  component  at  a  given  radius  .  is  assumed  to  be  ideally  correlated  with  that 
on  the  jet  axis  except  for  a  constant  phase  shift  in  the  time  development  of  both  fluctuations. 

(iv)  The  correlation  function  of  two  circumferentially  dispaced  probes  (Fig. 3(c))  is  independent  of  the  direct. on 
of  the  displacement  (Av>  >0  or  <  0) . 

Some  cl  the  3bove  assumptions  may  still  require  further  consideration,  but  here  they  are  taker;  for  granted  and 
may  help  to  quantify  circumferentially  coherent  turbulence  components  from  three  different  correlation  techniques. 

2.2  Experimental  Techniques  and  Results 

fa)  In  the  first  set  of  experiments  three  probes  were  arranged  as  in  Figure  3(a)  with  the  pressure  p0  detected 
on  the  jet  axis  and  the  other  pressure  signals  p.  and  p3  taken  at  r  =  0.5  D  (diametrically  opposite 
locations  in  the  central  mixing  region).  Three  different  correlations  were  evaluated,  namely  p^P, . 
p^fp,  +  pj)  and  P0(p7~'p7)  ,  the  coefficients  of  which  are  given  in  Table  1.  T’  .i  Erst  one  is  particularly 
high  when  the  signals  are  both  passed  through  narrowband  Filters  at  a  Strouha!  number  of  about  0.45.  An 
even  Irigher  coherence,  namely  0.83.  results  when  the  sum  of  d,  and  p2  is  satistically  compared  to  p„. 
These  values  indicate  a  strong  axisymmetric  pressure  component,  which  was  artificially  increased  by  adding 
p,  and  p,,  in  the  mixing  region. 

When,  on  the  other  hand,  the  axisymmetric  and  all  even  azimuths!  components  an?  artificially  eliminated 
from  the  mixing  region  signals  by  subtracting  p,  from  p, .  a  very  low  coherence  is  found.  This  last 
result  proves  that  the  m  -  0  component  on  the  axis  is.  to  some  dtgrte  of  accuracy,  uueorrebted  with 
til  odd  azimuth*!  component*  in  the  difference  signal  P,  ~  p2  (compared  with  assumption  (0). 

TABLE  1 

Norsnsaced  Cccvetatien  Functions  with  Pressure  Probes  Arrange-'  u  Shown 
is  r'sjgon*  3(a)  (correspoodavg  velocity  enraittioos  in  brackets) 


PoP) 
/re  rre 
VT4  s/Pt 


J  Si£K£h  S(gtu}li 

j  xnfHterd  filtered  at  St  r»  0.45 


(4  0.03) 


j  Pe^»  +Pj) _  +0-1 

j  x/tI  '/ tP,  *  p,l*  .1  (>0  0?) 

— — — - -4* - — — 

j  j  ~007 

I  x/^V(P»  -  p,)1  I  (+0.O4)  j 


The  numbers  tu  todttt  in  Tab?e  1  give  the  corresponding  c'm'ation  results  E\  toe  case  when  a”  three 
pre«urec  rt.  p, ,  pt  replaced  fey  the  cosTespo.reiirjg  *xal  vsloaly  fluctuations  uc .  .  a.  from  hot¬ 

wire  pro-be*.  Although  the  caeftfctente  sre  consSdmfciy  lover  (indksting  that  the  drcuntfetentiaUv 
oohQrent  pvt  is  she  uejodJy  re  relatively  tnfh),  the  doubling  ex!  the  eliminating  of  the  axityir  ictnc 
(a  ”  0)  eoapoaesit  lui  ecueatisUy  the  «aa*s  effects  u  «  the  pressure  result*. 
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(b)  The  second  correlation  technique  used  only  two  microphone  probes  which  were  radially  displaced  by  a 
variable  r  as  shown  in  Figure  3(b).  From  these  lateral  space  correlations  one  can  calculate  the  axisym- 
metric  component  contained  in  the  signal  at  the  displaced  point  using  the  assumptions  (i)  to  (iii).  The 
details  of  this  procedure  are  given  in  Reference  14.  A  typical  result  is  depicted  in  Figure  4.  Apart  from 
the  directly  measured  spectra  at  r  =  0.5  D  and  r  =  0  the  coherence  Sj,p  40  between  the  filtered 
pressures  at  the  displaced  points  is  also  plotted  as  a  function  of  the  filter  frequency.  From  these 
experimental  data  the  spectrum  of  the  axisymmetric  pressure  component  at  the  displaced  point  was 
calculated  from 


,>  V-  t ", 


P<v,o<r>  =  lUr)  Spp^(r) 


and  plotted  as  curve  (d). 


It  is  possible  by  this  method  to  map  the  spectra  of  rfce  axisymmetric  pressure  and  velocity  components 
throughout  the  iet  by  varying  r  and  subsequently  changing  the  plane  x  =  const  in  the  measurements. 
One  set  of  these  results  is  shown  in  Figure  5  for  the  plane  x  =  3  D  . 


So  far,  we  were  only  able  to  sepi.  ate  the  m  =  0  component  from  the  other  azimuthal  components.  The 
distribution  of  the  fluctuating  energy  is  probaoly  best  seen  in  a  plot  like  that  in  Figure  6.  A  comparison 
of  the  curves  (a)  and  (b)  shows  that  for  Strouhal  numbers  from  0.4  to  0.5  about  half  of  the  energy  is 
concentrated  in  tire  axisymmetric  component,  whereas  both  sides  of  the  spectral  peak  much  more  energy 
is  contained  in  non-symmetric  components. 


(c)  To  further  analyse  the  non-symmetric  components  of  turbulence  (curve  (b)  in  Figure  6)  still  another 
correlation  technique  was  employed  which  more  rigorously  breaks  down  the  turbulence  into  a  series  of 
azimuthal  components. 


Tne  third  method  is  based  on  circumferential  space  correlations  with  r  and  x  held  constant  for  one  set 
of  correlations.  (Compare  Figure  3(c).)  A  curve  like  that  in  Figure  7  for  which  pressures  in  the  mixing 
region  were  correlated,  for  example,  at  St  =  0.45  is  Fouricr-onalyred  with  respect  to  tty  ,  and  the 
corresponding  Fourier  coefficients  for  m  =  0  ...  16  are  depicted  as  vertical  columns  in  the 

same  figure.  For  £up  ~  0  the  Fourier  series 


RuCAp)  -  p‘f=.  .  £•  R  (X>,  (ill 

"-0 


reduces  to  the  sum  cf  the  fluctuating  energies  contained  in  the  various  azimuthal  pressure  components: 


MO)  =  1  =  SI 

m=0 


&  Pw 
=  2^-s 


m=0  Puj 


A  number  of  16  Fourier  coefficients  was  deemed  sufficiently  larae,  since  most  of  the  energy  is  stored  in 
the  lower  order  azimuthal  components  from  0  to  3  or  so,  at  least  for  the  pressure  at  Strcuhal  numbers 
about  0.45. 


From  the  corresponding  narrowband  circumferential  correlations  at  other  frequencies  one  may  find  the 
power  spectral  distributions  of  any  single  azimuthal  component  of  the  pressure  according  to 


Pwjn^*  P«(*>  f)- 


Figure  8  shows  a  superposition  of  Che  m  =  0  to  3  power  spectral  densities  {PSD)  suitably  norm  allied  as 


P D(PqUq)* 
AfD/U0 


where  U0  is  the  jei  exit  velocity,  D  the  notik  exit  diameter,  o0  the  detuity  -ad  M  the  bandwidth 


of  the  filter. 


The  upper  solid  curve  is  the  PSD  measured  directly  at  x  *  3  O  t  r  =  0.5  D  and  the  lower  solid  curve 
represents  the  PSD  of  the  asymmetric  turbulent  fluctuations  obtained  from  circumferential  correlations. 
The  latter  may  fca  compared  with  corresponding  rseults  ftom  the  lateral  correlation  method;  the  open 
circles  at  curves  (a)  in  Figure  6  indicate  reasonable  agreement  betwe*  the  two  independent  sets  of  resalts. 


In  Figure  9,  wferre  the  PDSs  are  plotted,  without  superposition,  the  dominance  or  the  m  =  0  component 
is  again  apparent,  and  the  other  components  are  socn  to  peak  in  loughiy  the  hkb  range  of  Stroahal  cambers 
although  th3h  energy  is  tpread  more  cvenlv  with  imraulng  m  . 


Vpg  -;i.-  :.r.  ?Cl.y  y.  ;  .  V: 
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3.  eOSCUJDlSG  REMAINS 


The  results  presented  so  far  arc  only  the  Hist  stage  of  a  continuing  effort  to  fully  analyse  the  turbulent  pressure 
field  with  respect  to  the  jet  noise  problem.  Much  more  information  is  required  involving  the  more  general  cross- 
correlatron  functions  (cross-spectral  density  distributions  in  the  frequency  domain)  with  all  three 
longitudinal,  lateral  and  circumferential. 

The  analysing  techniques  employed  have  already  proven  useful.  The  preliminary  results  have  contributed  to  the 
question  of  exactly  how  strong  the  coherent  part  of  the  pressure  field  is  in  a  plane  x  =  3  D  normal  to  the  jet  axis. 
Future  research  will  also  have  to  compare  the  structure  of  the  tubulent  pressure  field  with  that  of  the  turbulent 
velocity  field. 

It  is  hoped  that  investigations  along  these  lines  will  finally  enable  us  to  introduce  a  realistic  turbulence  model 
into  a  theory  like  that  proposed  by  Mtchalke11.  Three  point*  will  be  summarized  at  the  end,  which  are  felt  to 
support  our  belief  that  this  is  a  promising  approach  to  rite  jet  noise  problem  too: 

(i)  Michalke’s  expansion  scheme  predicts  that,  for  small  Strouhal  numbers,  the  lower-order  azimuthal  turbu¬ 
lence  components  play  a  domuant  role  in  the  noise  pe aerating  mechanisms  provided  such  components 
are  present  in  the  source  region  at  all. 

(tl)  The  experimental  analysis  of  the  turbulent  pressure  field  at  low  Mach  numbers  seems,  in  fact,  to  indicate 
that  considerable  turbulent  energy  is  stored  in  lower  order  azimuthal  components  and,  in  particular,  in  the 
large-scale  coherent  sxisymmetric  type  of  fluctuation.  This  confirms  earlier  experimental  results  by  Crow 
and  Champagne14,  who  showed  how  orderly  structures  develop  in  the  turbulent  region  of  an  externally 
excited  jet. 

(lii)  It  would  still  be  feasible  that  all  the  coherent  phenomena  (ii)  together  with  their  being  efficient  sound 
emitters  (i)  occur  in  a  range  of  frequencies  or  Strouhal  numbers  which  is  entirely  unimportant  with  respect 
to  radiated  noise.  In  this  context  it  may  be  worth  mentioning  that  it  is  very  roughly  the  same  range  of 
Strouhal  numbers  between  0.1  and  1.0  where  a  strong  radiated  fasfield  coincides  with  dominating  orderly 
structures  in  the  turbulent  near-field. 

Some  of  the  suggestions  put  forward  in  this  paper  are  far  from  being  conclusive.  There  is  still  the  question  of 
how  dose  we  arc  to  the  real  turbulent  sound  sources  even  when  analysing  the  pressure  in  the  mixing  region.  Some 
clarifying  information  may  probably  be  obtained  from  so-called  causality  correlations  which  were  initiated  in  several 
research  groups  by  Siddon15.  Results  from  correlating  the  acoustic  pressure  with  the  pressure  in  the  jet  by  Scharton, 
Meecham  and  others '*• 11  indicated  a  relatively  high  maximum  correlation  coefficient  (up  to  0.5)  when  both  fluctua¬ 
tions  are  filtered  in  the  relevant  tango  of  Strouhal  numbers. 
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Fig-  6  Syothesii  of  nomaiiccd  PSD  of  jet  pressure  from  axisymmetric  and  non- 
symmetric  ecmisonents  (wots  lateral  correlations) 
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Fig.  $  Synthesis  of  normalized  PSD  of  jet  pressure  from  m  »  16 
azimuthal  components  (from  circumferential  correlation*) 
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SOME  EXPERIMENTAL  RESULTS  ON  EXCESS  NOISE 


by 

AD.Young 

Department  of  Aeronautical  Engineering 
Queen  Mery  College 
(University  of  London) 

(presented  during  Session  I) 


It  will  be  of  interest  to  particip*.  at  this  stage  of  the  Meeting  to  hear  a  brief  summary  about  some  experi¬ 
mental  results  on  excess  noise  obtained  by  a  student  of  mine,  Mr  K.fLAhuja1,  using  a  test  installation  at  the  National 
Gas  Turbine  establishment. 


EXPERIMENTS 

Compressed  air  was  ducted  from  a  12  in  diameter  pipe  through  a  diffuser  into  a  plenum  chamber  24  in  in 
diameter  and  4  ft  long  followed  by  a  contraction  leading  to  a  nozzle  from  which  the  air  emerged  into  the  atmosphere 
in  an  anechoic  chamber  as  a  jet.  The  plenum  chamber  contained  a  honeycomb  and  gauze  to  help  reduce  the  flow 
turbulence  and  the  exit  nezzlea  had  diameters  of  1 .52  in,  2.4  in  and  2.84  in  so  that  the  contraction  ratios  corres¬ 
pondingly  ranged  from  130:1  to  250:1.  The  resulting  jets  wen  therefore  very  steady  and  with  low  turbulence 
levels.  Noise  measurements  were  made  at  a  distance  of  6  feet  from  the  nozzle  exit. 

In  addition  to  the  measurements  on  the  btdc  jets,  various  modifications  were  introduced  upstream  of  the  nozzle 
exit  to  produce  various  intensities  snd  scales  of  turbulence  or  overall  disturbances  there  and  the  consequent  effects 
on  the  noise  coaracteriatica  wen  measured.  These  modifications  included: 

(a)  insertion  of  1  ft,  7  ft  and  3  ft  lengths  of  pipe  of  same  dimeter  as  nozzle. 

(b)  Cylindrical  obstructions  of  circular  (1  in  diameter!  and  rectangular  section  (0.4  in  »  1 .0  in)  inserted  4  in 
upstream  of  the  nozzle  exit  (see  Figure  1(a)). 

(c)  Eight  radial  jets  of  sir  from  $  in  diameter  pipes  impinging  on  the  main  flow  in  the  nozzle  (see  Figure  1(b)). 

(d)  Four  tangential  jets  from  I  in  diameter  pipes  impingiag  on  the  main  flow  in  the  nozzle  (sea  Figure  1(c)). 
These  Introduced  a  swirl  as  veil  es  turbulence. 

(e)  A  guide  vane  in  the  form  of  a  plate  spanning  the  plenum  chamber  and  twisted  through  180”  along  its 
length  to  produce  a  twirl  without  sm4*r  increase  of  tusbukace. 

The  turbuhaco  introduced  by  (a)  was  typically  boundary  lay*  turbulence  of  relatively  semII  scale  but  with  an 
Intensity  reaching  a  maximum  aaar  the  wall  of  the  order  of  10$.  The  obstructions  (b)  iatrodused  eddies  of  size 
comparable  to  their  disaeadoua  and  with  fairly  well  defined  frequences,  lire  redial  jet*  (c)  introduced  tage  soda 
turbulent*  with  an  intensity  that  mied  between  IS*  and  2>%.  The  turbulence  introduced  by  the  taugesttkl  jets 
(d)  had  aleo  major  large  scale  compoaeota  and  the  intensity  was  belie**!  to  be  even  huger  than  with  fits  redial  jets, 
reliable  measurements  were  not  poe%te  because  the  hat  wires  repeatedly  broke.  The  swiri  ang fcu  produced  by  the 
tvsgsntial  jeta  depended  on  their  velocity  relative  to  that  of  the  main  jet  but  ugks  u  high  u  25“  were  obtained. 

TUa  twitted  piste  (e)  produced  asgka  of  wriri  of  the  order  of  K)\ 

Be  main  jet  i&nA-im  between  2C0  and  1036  ft/i,  Be  gusiihty  rwlhl  awdtaagsntisl  jet*  dariwd 
from  the  rents  source  m  the  tosh),  jet  »td  fhtif  speed  therefore  oepeadad  to  some  *x?ou  co  the  main  jet  speed,  a! 
the  highest  main  jot  speeds  sua&ay  jet  or'  about  3dD  ft/*  were  puaweie,  whilst  at  Utc  lowest  areia  jetapaoda 
the  iUXiikry  jet  speeds  could  be  a*  Idsh  as  7G0  ft/a 


umismm 

The  tatia  mmit  for  the  ooraaifrwl  p*&x  ouetali  aattad  prewar®  Sereda  measured  are  i&aSated  in  %ure  2. 
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The  curve  for  the  clean  jet  follows  a  power  law  vary  in*  between  V*  and  V9  down  to  about  300  ft/s;  at 
d  =  90®  the  law  is  very  closely  Vs  but  the  index  tends  to  increase  from  8  to  9  as  the  angle  9  is  reduced  to  the 
peak  OASPL  value  (6  »  20°)*.  However,  it  is  found  that  the  acoustic  power  watt  levels  follow  a  Vs  law  for  the 
same  speed  range.  Below  300  it/s  the  index  decreases  to  a  value  between  6  and  7.  Detailed  examination  of  the 
spectra  shows  good  agreement  with  the  predictions  of  LighthilTs  theory2  for  low  frequencies,  but  for  the  higher 
frequencies  the  predicted  convective  amplification  dose  to  the  jet  axis  was  not  in  evidence  possibly  due  to  scattering 
and  refraction  e  ffects  by  the  jet  turbulence  at  these  frequencies.  Similar  results  were  obtained  by  Lush3. 

It  is  dear  from  these  results  that  if  adequate  care  is  taken  to  eliminate  upstream  sources  of  turbulence  tire 
dominant  noise  sources  associated  with  c  jet  remain  the  clasical  quadripoles  and  the  Vs  law  is  closely  followed 
down  to  jet  speeds  as  low  as  300  ft/s.  Figure  2  shows  for  comparison  the  spread  of  results  (shaded  area)  obtained 
for  various  engines  and  it  will  be  seen  that  marked  departure  from  the  V*  law  has  occurred  for  them  at  jet  speeds 
of  upwards  of  800  ft/s.  This  illustrates  the  marked  amount  of  excess  noise  to  be  found  in  practice  on  current 
engines.  *• 

If  w®  now  consider  the  circular  and  rectangular  cylindrical  obstructions  we  see  from  Figure  2  that  the  former 
shows  s  noise  increase  of  about  30  dB,  over  the  speed  rang®  tested,  of  which  4  dB  can  be  associated  with  the  discrete 
tones  characteristic  of  the  obstruction,  whilst  for  the  latter  the  increase  is  about  5-6  dB  down  to  about  600  ft/s 
and  at  300  ft/s  the  increase  is  about  20  dB.  The  discrete  tones  for  the  rectangular  obstruction  account  for  about 
2-4  dB.  It  is,  however,  surprising  to  note  that  the  curve  for  the  circular  obstruction  tuns  more  or  less  parallel  to 
the  ‘clean  jet’  curve  down  to  300  ft/s  whilst  that  for  the  rectangular  obstruction  is  similarly  parallel  down  to  about 
500  ft/s.  One  would  expect  that  the  pressure  fluctuations  associated  with  the  separated  flow  past  such  obstacles  to 
result  in  a  strong  dipole  content  in  the  resulting  noise  generators  and  a  consequent  V4  law.  A  possible  explanation 
is  that  the  variation  with  Reynolds  number  in  the  fluctuating  lift  forces  on  the  obstructions  is  such  as  to  raise  the 
effective  index  from  6  to  8  or  more.  Evidence  in  support  of  this  can  be  derived  from  experiments  of  Gorard3. 

The  angle  relative  to  the  jew  els  of  peek  overall  sound  pressure  load  with  the  obstructions  present  was  between 
45®  and  60°,  os  compared  with  about  20®  for  the  dean  jet. 

Tire  pipe  insertions  of  up  to  3  ft  in  length  upstream  of  the  nozzle  exit  produced  no  significant  change  in  the 
noise  characteristics  and  intensity  as  compared  with  the  clean  jet.  However,  it  wifi  be  seen  that  the  large  scale 
eddies  engendered  by  the  radial  and  tangential  tubes  were  associated  with  both  a  marked  increase  In  noise  intensity 
particularly  at  the  lower  jet  speeds  and  also  a  marked  reduction  in  the  index  of  the  velocity  law  tor  the  peak  overall 
sound  pressure  level.  (0  =  60°).  In  more  detail,  ft  was  found  that  at  values  of  9  between  60®and  90®  the  velocity 
tew  index  was  between  5  end  8  for  \m  frequencies  but  it  progressively  reduced  with  increase  of  frequency,  whilst 
at  angles  less  ton  about  30°  the  high  frequency  noise  was  sharply  reduced,  again  possibly  because  of  scattering  and 
refraction  effects  by  the  jet  turbulence. 

The  swirl  produced  fey  the  twisted  plate  in  the  plenum  chamber  produced  no  significant  increase  of  turbulence 
in  the  jet  and  it  molted  in  a  small  reduction  of  about  2$  dB,  i«.  noise  lateuity  at  the  single  jet  weed  tested 

am  mb. 


mmjmum  mmm 

inferences  that  can  be,  dftrem  from  these  malts: 

O)  Bx&sga  jot  ns rise  ote‘6  ml  mks  fma  seals  fittfedeactsbut  it  terpiy  associated  with  the  development 

of  'sdtfes  of  s  scale  er/mpi&b&t  with  She  oosafc  dtoKttt®.  Thus  to  pipe  extensions  produced  no  effect 
but  th e-itsgz  mk  elites  s asoefated  with  to.  <#  to  austoty  radial  and' tangential  jets 

pedtusd  «sry  totted  imt&mu  of  «oiS». 

(2)  fiwiri  by  U*e&  in  to  sbtouaj  m~  ki$&  *tou-  turfetotoh  my  i»  tot  reduce  the  soto  intensity  rather 
tort  immm  it. 

These  tofcmmxiiM  M-mnfMk  to  <t&0an  torn  m&i.  akSalstzA  fa  the  presets  set  «l  aapedmeat*,  but  in  the 
light  of  current  tbm,  m  snap «S9  *sg«e*  tot  top  vsAb  eddies  would  be  smUttei 

wish  toils  to  viifMkim  ha  oremS  ffe/st  ni-t  tot.  Wmtt  W&vm*  mrt&iM  woaSd  give  to  to  moaapote 

mmm  sa&  8s  mtsfci  sad  he  oemd  totld  gw  rise  to  dipeSe 

sourer,  m  tttte&m-f#  m.toimjfritttow  WwyoM  «*  to  expected  to  wmQwt 

to  *$&ar  of  tost  rtotei/.  of  ctottitotoa  to  atotf-wto. 

Itw  effect  of  tw'tii  mf;  m'fi  bk  to  %$$'&&&>  tofia*#  tto  so  redup  to  iwbtoaeo  and  hence  to  csto  ff  to 
tototol  trttntww*  vpi&Stp  grttoaf*  sre  to  to  sip. 

*  tor  fi  to  tl«  sitomMMbk ilite  jtotf  to  aw&  «*!*««&  to  *afesr«|tos«wt. 

f  TIN  ta'alsd  $tef*  sdtokS^Min  4m»i4 wtottit  tod  pantos  to  worn  tofeweh 

»myukn  fievadi  ' 


These  arguments  suggett  that  excess  noise  may  be  minimised  by  suppressing  as  far  as  possible  all  sources  of 
large  scale  turbulence,  whilst  by  the  use  of  a  suitable  swirl  significant  overall  reductions  of  jet  noise  may  be  obtained. 
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o)  THE  OBSTRUCTIONS  mO  THE  DUCT 
THAT  TAKES  EITHER  OF  THE  TWO 
OBSTRUCTIONS 


ROUND  TABLE  DISCUSSION 


Chairman,  Prof.  Ffowcs  Williams:  I  have  decided  not  to  have  a  round  table,  but  to  hold  a  discussion  without  the 
establishment  put  up  in  front,  because  the  last  thing  we  want  at  this  stage  in  the  development  of  the  subject,  I 
think,  is  to  declare  who  the  establishment  is! 

There  has  been  a  clear  change  in  the  way  of  thinking  about  the  noise  problem  since  the  last  AGARD  meeting, 
and  !  would  like  to  be  an  impartial  chairman,  putting  some  provocative  observations  to  you  experts  for  discussion. 
Perhaps  1  could  start  by  observing  that  during  the  last  10  years  we  have  talked  much  more  about  how  to  measure 
the  location  of  sources.  Now,  I  would  like  to  take  the  blackboard  and  make  some  comments  on  what  we  mean  by 
a  source.  The  people  that  were  brought  up  on  theory  are  accustomed  to  reading  JighthiU’s  paper,  and  there  he  says 
that  the  pressure  squared  can  be  given  as  a  volume  integral  of  something,  and  that  something  we  cal!  the  source 
strength  per  unit  volume.  But  many  different  things  can  integrate  to  a  common  result  as  longjis  the  pointwise 
differences  balance  out.  In  particular,  Lighthill  encourages  us  to  regard  the  contribution  to  d1  from  unit  source 
volume  as  being  the  simple  integrand;  the  noise  source  Q  . 

p3  =  f  QdV  . 

However,  the  integral  is  completely  unchanged  if  we  add  to  it  “plus  the  gradient  of  anything’’,  because  thvt  gradient 
will  disappear  if  S  is  zero  at  infinity,  i.e. 

p5  =  £  (Q  +  VS)dV  . 

Arc  we  then  to  regard  this  different  integrand  as  the  noise  source?  Clearly  it  would  be  stupid  to  do  so.  Yet  this 
ambiguity  is  inherent  in  the  forms!  definition  of  one  of  the  source  location  procedures  that  we  have  heard  about 
during  the  meeting.  1  am  detriy  being  provocative,  and  1  hope  you  will  responti. 

Correlations  have  been  established  between  measures  in  tne  flow  end  the  sound  outside.  Amongst  those 
correlations  is  'he  pressure  inside  the  turbulence.  Now,  at  the  1963  meeting  here,  there  was  one  splendid  article 
by  Strssberg  from  the  David  Taylor  Mode!  Basin,  as  it  then  was,  who  proposed  to  measure  the  pressure  in  a 
turbulent  water  flow,  by  observing  ;hs  sound  radiated  by  a  bubble  driven  by  the  turbulence  to  radiate  sound. 
However,  that  came  to  a  full  stop  because  in  the  discussions  that  involved  the  experts  then  assembled,  it  was  said 
that  it  was  rather  difficult  to  work  out  what  the  pressure  would  be  when  the  bubble  had  perturbed  the  flow. 
were  reminded  of  two  papers,  one  by  Goldstein,  who  considered  one  limit  and  Toomvc  who  considered  the  other 
where  the  presence  of  the  probe  disturbed  the  pressure  by  •— jpu3  and  +  jpp1  respectively.  1  think  that  it  is  just 
not  dear  what  the  pressure  is  on  a  probe  when  it  is  put  into  the  stream  to  bring  the  flow  lotah)'  to  rest.  What  is 
the  meaning,  therefore,  of  correlating  the  signal  measured  by  the  probe  m  the  turbulence  with  the  sound  outside1 

Let  me  be  even  more  provocative.  The  fact  that  the  correlation  is  high  seems  to  me,  in  itself,  to  be  no  great 
point  in  favour.  For  example,  if  you  were  to  measure  the  sound  produced  by  my  voice  at  i  •  lips  of  Prof. 
KOchestasa  sod  at  the  ears  of  somebody  beyond  him  you  would  find  that  the  correlation  '  ..ween  the  pressures 
was  perfect.  Yet  ts  Prof.  KQchcmann  talking  or  am  I?  Th.  film  shown  by  Dr  Pofiferv-irt  today  shows  how  beautiful 
the  subject  can  be  when  we  concentrate  on  the  individual  event  rather  than  on  the  statistics  of  the  process.  Is  it 
time  to  tk-emphiiise  that  statistics!  approocho  in  favour  of  a  more  deterministic  view? 

let  me  throw  that  m  a  debating  point  to  you. 


Mr  Harper-Bourse:  It  rttsy  be  (rue  that  a  significant  proportion  of  the  source  fluctuation  that  we  measure  at  a 
fixed  point  in  the  turbulence  is  of  the  type  which  contubutes  relatively  liftfe  to  tbs  far- fie  id  sound.  Howe-rer  it  is 
equally  true  that  fluctuations  of  this  type  will  not  contribute  to  the  cross-correlation  of  far- field  micro  phone  and 
inflow  probe  sipith  and  therefore  do  not  contaminate  measurements  of  local  sourer  strength.  They  csn.  however, 
significantly  reduce  the  level  of  correlation  ctefftiitni  that  might  otherwise  have  been  obtained  and  therefore  make 
a  reliable  estimate  of  source  strength  difficult  to  obtain. 

A  snore  fundamental  difficulty  is  that  that  portion  of  the  source  fluctuation  which  docs  contribute  to  the 
sound  field  may  itself  be  oentsmfessled  by  the  sound  radiated  from  other  uscewitred  parts  of  the  turbulence. 
Clearly,  if  the  relative  contamination  is  Urge,  which  might  be  the  cage  when  the  {treasure  is  chosen  to  represent  the 
source  fluctuations,  it  then  become*  meaningless  to  think  in  terms  of  iocal  soarre  strength. 

Guinsju*  l  sns  rx>t  proposing  setvsity  to  carry  on  a  debate  with  individuals  in  the  a udieves.  1  am  hoping  to 
provoke  a  debate  amongst  members  of  the  rivrei'Gg.  but  let  me  take  up  your  point.  Wc  do  hare  a  theory  that  says 


that  the  source  of  aerodynamic  sound  is  qi;adrupo!e.  That  means  that  for  every  positive  source  element  there  is 
guaranteed  to  be  a  negative  element  opposing  it,  and  ever,  s”'h  dipole  combination  is  adjacent  to  an  opposite 
combination  somewhere  else.  Therefore;,  it  would  be  absolutely  the  height  of  folly  to  concentrate  too  much  on  any 
one  particle,  i.e.,  on  one  region  of  flow.  In  isolation  that  region  would  generate  very  much  mere  sound  than  it  does 
in  its  natural  environment,  where  it  is  surrounded  by  ail  the  other  elements  that  destroy  the  sound. 


Mr  Harper-Bourne:  Yes,  this  is  very  true,  but  in  practice  we  believe  that  we  avoid  the  first  difficulty  by  measuring 
the  quadrupole  stress  rather  than  a  quantity  which  is  related  to  its  constituent  monopole  elements. 

I  fee!  that  measurement  of  local  statistical  information  should  not  be  entirely  dismissed  even  if  the  results  are 
sometimes  of  uncertain  value.  For  example,  if  we  integrate  the  necessary  space-time  stal  tics  for  the  stress  fluctua¬ 
tions  about  a  fixed  point  in  the  shear-layer,  making  due  allowance  for  differences  in  ret&  .ded  times  and  phase  due 
to  convection,  the  result  we  obtain  is  the  contribution  to  the  far-fMc  sound  intensity  from  unit  volume  of  turbulence 
at  the  point  under  consideration.  This  is  a  finite  and  positive  quantity.  Furthermore,  it  is  exactly  this  quantity 
which  the  correlation  scheme  can,  in  principle,  measure. 


Chairman:  Obviously,  I  agree  with  you,  but  it  is  bad  for  me  to  agree  when  I  am  trying  to  provoke  a  discussion. 


Prof.  Siddon:  Professor  Ffowcs  Williams  has  opened  the  discussion  by  raising,  in  a  rather  provocative  manner,  three 
criticisms  which  reflect  on  the  efforts  of  several  gr  oups  of  researchers  who  are  trying  to  develop  practical  experimental 
methods  for  noise  source  localization  and  strength  estimation.  These  efforts  employ  the  so-called  pressure-source 
mode!  tor  alternatively  the  Lighthill-Proudman  model)  coupled  with  a  quantitative  real  time  means  of  correlating 
local  source  disturbances  and  the  overall  far-field  sound,  In  order  that  the  implications  of  the  chairman’s  remarks 
arc  rot  mis-undentood  by  others  present.  I  should  like  to  lend  my  point  of  view  on  each  of  the  three  questions: 

(i)  On  the  matter  of  measuring  static  pressure  fluctuations  in  turbulent  flows.  Professor  Ffowcs  Williams  has 
today  repeated  his  opinion,  first  stated  at  the  1963  Brussels  Round  Table  Discussion5,  that  it  h 
“impossible,  even  in  principle  to  get  at  the  pressure”  (because  of  the  inevitable  pressure  error  arising  from 
interaction  between  the  probe  and  flow).  He  will  recall  that  others  at  that  meeting  expressed  the  optimistic 
counter-view  that  “it  should  be,  in  principle,  possible  to  determine  the  pressure  that  would  have  been  there 
(at  a  point  in  the  turbulence)  in  terms  of  the  reading  that  the  probe  gives  when  you  put  it  there”.  Ribner 
likened  this  to  the  well  known  method  of  measuring  static  pressure  in  a  supersonic  flow;  oven  though 
the  probe  produces  a  bow  wave  which  substantially  modifies  the  flow  field  around  it,  the  effect  can  be 
calibrated  out. 

Indeed  in  the  intervening  period  since  1963,  the  present  speaker  and  others  have  shown  that  in  certain 
casts  the  probe/flow  interaction  error  can  be  suppressed  using  specially  shaped  probes  which  minimise 
sensitivity  to  incidence  changes  in  the  approaching  flow,  or  probes  which  actively  compensate  for  the 
intei-ction  error  in  real  time.2'3*4  This  research  has  extended  our  knowledge  of  the  origins  and  magnitude 
of  turbulence  interaction  errors.  While  it  is  true  that  the  errors,  of  order  l/4p(v2  +  w2 )  or  less,  may  be 
as  large  as  the  inherent  pressure  fluctuations  ir.  isotropic  turbulence  (p  ~  1  /2pu2)  ,  the  pr  ’sure  fluctua¬ 
tions  characterizing  the  shear  layers  of  turbulent  jets  are  much  larger,  of  order  puU  (References  2,  5 
and  6).  Thus  in  many  circumstances  a  relatively  uncontaminated  measurement  of  static  pressure  fluctuation 
can  be  made  with  a  simple  uncompensated  pressure  probe.3*6*1 

(ii)  On  the  validity  of  various  source  models  a  1  aerodynamic  noise  generators,  the  chairman  hss  rightfully 
pointed  out  that  one  can  arbitrarily  add  in  the  diverfwce  of  an/  contrived  source  distiibutioo  function 
to  the  integrand  on  the  rigjti  hand  side  of  the  Kirchoff  solution,  or  one  of  its  derivative  forms,  without 
modifying  the  answer  for  p1  on  the  left  hand  side.  However  the  intent  of  his  comment  is  somewhat 
obscure.  No  one,  to  my  knowledge,  is  pulling  invented  source  terms  out  of  the  sky  snd  tacking  them 
onto  the  solution  integral  Indeed  if  Mr  Chairman  is  questioning  the  credibility  of  the  Rlbner/Mccciiiin- 
Ford  dilation  formalism  as  an  alternative  to  the  Lightliill  turbulent  stress  tensor  model  for  low  speed 
flows,  then  I  wish  to  remind  him  of  the  demonstrated  equivalence  of  these  source  models,8  as  acknow¬ 
ledged  by  Sir  M.J.Liyithill  himself.9  In  fact  the  work  of  Batchelor10  shows  us  that  the  Ribner  assumption 
32pu;  u; 

Xp  p(0)  r* - becomes  exact  >n  the  Incompressible  limit. 

ox;  3x; 

It  has  been  suggested  that  the  distribution  of  statistical  quadrupole  strength  might  look  .  me  what  different 
than  that  for  pressure  sources,  even  though  tin,  both  integrete  out  to  the  same  answer  for  p1 .  Personally 
however,  I  expect  e  unique  source  distribution  on  time  average,  irrespective  of  the  experimental  method 
used. 

The  dilatation  method  separates  the  pressure  fluctuation  into  two  parts  p  ~  p*0'  +  pu) .  In  the  source 
region  the  pseudosound  p(0)  (inertial  in  origin)  is  k  d  to  dominate  over  the  acoustic  fraction  ;  the 


converse  is  true  in  the  acoustic  far*fie!d.  That  the  first  assumption  holds  for  low  speed  jets  can  be 
confirmed  by  i  simple  experiment.  If  one  plots  the  radial  distribution  of  fluctuating  pressure  from  the  jet 
centerline  outwards  to  large  distance,  one  gets  a  picture  as  shown  in  the  figure  on  page  A-4.  If  we 
assume  for  the  moment  that  all  of  the  acoustic  power  of  the  jet  is  radiated  by  one  equivalent  point  source, 
than  by  extrapolation  of  the  free  field  line  into  the  source  region  (dashed)  we  must  conclude  that  the  net 
acoustic  pressure  level  of  that  one  source  will  fall  well  below  the  overall  jet  pressure  level,  by  20  decibels 
or  more,  for  most  points  within  the  turbulent  region.  Indeed  if  the  total  jet  acoustic  power  is  viewed  as 
coming  from  a  large  number  of  uncorrelated  sources,  their  individual  acoustic  fields  will  be  even  less 
significant  with  respect  to  the  total  jet  pressure  fluctuations.  Thus  the  incrtially  induced  pseudosound 
pressures  may  be  viewed  as  a  causative  mechanism  for  a  major  portion  of  the  far-field  sound. 

(iii)  The  Chatman  has  questioned  an  apparent  ambiguity  in  the  causality  correlation  methods  presented  by 
myself  elsewhere  In  these  proceedings.  (Paper  7.)  Using  a  simile  in  which  he  and  Prof.  Liliey  are  imagined 
to  be  carrying  on  a  conversation  in  this  hall,  he  intimates  that  if  a  microphone  were  to  be  placed  near 
each  speaker  and  cross-correlated,  the  resulting  correlation  functions  could  not  distinguish  the  cause  from 
the  effect.  This  is  not  the  case;  in  fact  the  time  delay  feature  of  causality  correlations  works  to  advantage. 
The  cross-correlation  functions  will  maximize  at  either  positive  or  negative  time  delay  appropriate  to  the 
separation  distance,  depending  on  which  person  was  source  and  which  was  receiver,  Furthermore,  if  both 
talked  simultaneously,  the  relative  magnitudes  of  the  correlation  ‘humps"  at  appropriate  positive  and 
negative  time  delays  would  tell  us  who  was  doing  the  the  most  talking. 

It  is  important  to  point  out  that  the  causality  correlations,  if  normalized  by  the  individual  root  mean 
square  values  of  the  partner  variables,  will  give  an  erroneous  impression  of  the  source  distribution.  For 
example,  two  microphones  both  ir.  the  far-field  of,  but  on  a  radial  line  from  a  complex  source  will  give 
a  maximum  correlation  coefficient  of  unity,  when  normalized  in  the  foregoing  manner.  In  contradistinc¬ 
tion,  the  un-noftnalized  causality  functions  (Equations  8  and  9  of  Paper  7)  yield  legitimate  distribution 
functions,  which  quickly  drop  to  zero  outside  the  source  region,  as  depicted  in  Figures  7.1  and  7.2. 

These  functions  are  integrable;  validation  by  integral  closure  has  been  obtained  in  several  instances. 


Chairman:  I  think  Prof.  Siddon  that  you  are  making  your  point  very  well  but  it  really  won’t  be  a  discussion  if  I 
don’t  stop  you  here  to  allow  time  for  other  contributions. 


Prof.  Siddon:  Thank  you  for  allowing  me  a  lengthy  response. 
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Otskmsn:  Does  anybody  eke  have  anything  pertinent  to  say  regarding  the  question  of  how  we  can  produce  positive 
identifications  of  the  sources,  or  whether  or  not  we  can  in  principle  do  so? 

If  not,  perhaps;  we  have  worn  that  subject  out  already,  and  l  can  go  on  to  provoke  somebody  else!  One  of  the 
items  which  impressed  me  greatly  during  the  meeting,  and  I  will  now  choose  my  words  with  great  care,  was  the 
paper  given  by  Maid,  who  discussed  the  exact  influence  that  the  Sow  would  have  on  the  linearized  acoustic  equations. 
He  showed  that  tire  effect  of  the  jets  surrounding  a  source  was  to  completely  destroy  the  convective  amplification, 
which  is  the  principal  effect  of  high  speed  eddy  motion  on  the  sound  generation.  H  accounts  for  the  forward  radia¬ 
tion  and  the  increased  power  about  u8  and  this  sort  of  tiring.  Maul  showed  that  if  you  take  into  account  a  simple 
mode!  of  the  flow,  teen  you  aestroy  the  convective  amplification,  and  tWs  is  consistent  indeed  with  the  experimental 
evidence  that  Lush  has  put  tWward  in  the  pest,  liow  sltould  ws  go  about  trying  to  incorporate  the  effect  of  mean 
flow  in  a  moss  genera!  way?  Maui’s  slug  flow  dearly  exhibits  instabilities,  and  if  the  testabilities  arc  driven,  then 
♦here  is  a  very  difficult  probtens  to  cope  with  hr  that  set  of  equations.  Do  we  think  that  the  real  problem  should 
be  described  by  a  small  perturbriion,  an  ao'vuetic  perttarbaticn  about  a  mean  flow?  Or,  do  we  think  now  that  there 
are  likely  to  be  essential  non-linear  aspects  of  a-*  problem  which  make  the  linear  modeling  of  the  source  of  the 
sound  generation  aspect  rather  trivial.  Does  anyone  want  to  take  up  that  aspect? 


Mr  Bose:  Msy  1  ask  another  question  which  is  closely  related  to  ymirs?  It  would  seem  that  there  are  two  influences 
first  have  received  littls  discussion  here:  the  effects  of  aircraft  motion  in  reducing  the  relative  velocity  of  the  jet, 
and  th®  point  that  Roy  Hawkins  raised  —  the  shielding  of  noise  from  one  jet  by  another  jet  nearby.  If  in  fact  a 
turbulent  Layer  can  absorb  or  shield  noise  fro®  another  layer  then  to  what  exrent  can  one  shield  a  jet  by  £  jet  of 
intermediate  velocity  round  it  or  partly  surrounding  it?  These  practical  sorts  of  effect  could  '>6  extremely  important 
from  an  engineer's  point  of  view,  stui  also  from  the  theoretics!  view  point  of  transmission  of  noise  from  “noise 
sources”  deeply  immersed  inside  jet  turbulence. 


Mr  Bore  contributed:  Since  the  conference,  an  extensive  report  on  oo-asial  jets  (hut  still  exhausting  into  a  stationary 
atmosphere)  has  come  to  hand,  by  Bidrad  et  al:  FAA-RD-71-101 .  This  appears  to  support  a  simple  mechanism  of 
relative-velocity  noise  generation  in  the  various  shear  layers,  without  significant  shielding  effect  of  the  outer  jet  in 
the  sense  of  opacity  to  noise.  Does  this  imply  that  shielding  only  occurs  with  s  completely  separate  jet? 


Be  Lush:  !  would  like  to  make  a  comment  on  the  shielding  effects  of  jets.  There  seem  to  be  two  dtetfoci 
mechanisms  involved  here.  There  Is  the  mechanism  in  which  the  spread  rate  of  the  shear  layer  Is  artificially  increased, 
thereby  reducing  the  convective  amplification  and  increasing  refraction  so  that  the  peak  noise  level  is  reduced.  For 
instance  this  mechanism  presumably  occurs  in  tits  fish-tail  nozzle  which  increases  its  jet  spread  rats  in  one  plane.  It 
is  found  that  the  peak  noire  can  be  reduced  by  ss  much  as  10  dB  in  this  plane  but  not  the  other. 

The  second  mechanism  b  the  reduction  in  the  actual  source  strength  which  can  be  detected  by  measurement?, 
at  9C5*  to  the  jet  where  convection  and  rofraciicn  are  absent,  This  mechanism  ha*  been  observed  in  teearmemeats 
of  the  noire  from  co-axial  jets,  where  for  a  constant  cone  velocity  the  noise  ravel  actually  reduces  when  the  annulus 
flow  is  present.  At)  annulus  flow  of  width  equal  to  shout  $  the  core  diameter,  with  $  velocity  of  abou.i  40%  of  the 
core  velocity  will  give  a  reduction  in  OASPL  of  about  5dB,  sad  somewhat  more  at  high  frequetteira. 


CWnaaa:  Well,  let  me  develop  this  Ene  a  little  further.  When  sc  think  of  attad&tf  thr  preblrtn  on  the  basis  of 
linearized  equations  «bo»rt  the  steady  tqeso  state,  in  tire  way  that  Prof.  ilBay  described  during  his  k<xm,  do  we 
consider  that  as  bdng  a  description  of  what  the  flow  actually  looks  Eke,  or  is  it  intended  to  be  only  right  in 
statistic*’  sense?  If  it  is  lateeded  to  be  a  degdripti^li  of  lbs  flow,  -ran  it  evar  be  made  to  match  the  pictures  that  vc 
»w  this  rooming,  where  vortices  grow  on  shew  layer*  and  foacotttf  nofl-Uttsar  very,  very  rapidly?  Ar#  the  tfital! 
perturbation  theories  about  a  mean  state  compatible  with  tbs  cfear  obsesvatioa  that  there  ate  sStttejssfta  prereat 
in  the  jet  which  represent  anything  but  mull  perturbation  about  the  mean? 


IVof.  lauftr:  1  think  it  would  be  too  much  to  hope  tbit  a  linear  approach  could  help  us  eoropktciy  solve  the 
problem.  On  the  other  hand,  I  think  «a  appfctch  of  that  type  css  be  c&renMty  Mfful.  A  very  good  exatepi*  b 
the  boundary  layer  trtnririai.  gml&m.  Certainty  tise'tolvrtitHV  of  equation  dote  not  esq&in 

boundary  layer  tfaaritkm,  but  it  helps  os  st  text  with  the  isMssi  phase,  is  to  hew"t&@  ftow  teoeuriis  tsstifefc. 
After  that,  we  have  to  use  come  modelling  «  make  sorse  good  erigtererisg  p&?»,  to  es&rrate  ffee  toeg&n  of  the 
tfiaritloa  point  iirelf.  As  you  kaos?,  certain  gueaae  reem  to  be  vsarlua*  very  veil.  To  talk  about  our  tpsdal 


problem  of  the  jet  flow*  the  linear  stability  calculations  help  us  in  tiling  us  what  mode  of  disturbances  are  most 
likely  to  occur.  In  addition  to  that,  they  can  also  give  us  an  idea  about  tlte  most  unstable  frequencies  present. 
However,  any  predictions  based  on  linear  theory  concerning  the  rate  at  which  the  initial  vortex  rings  actually  appear 
must  be  taken  with  great  suspicion. 


Quinuen:  By  that  you  mean  predictions  of  the  flow  state?  It  may  be  that  the  linear  theory  is  not  intended  to 
predict  the  flow  state,  but  rather  some  pertinent  information  about  how  sound  is  generated  in  the  mean  or  some 
statistical  sense.  I  would  like  some  opinions  on  that. 


Prof.  Laufer.  I  was  mainly  referring  to  amplification  rates  and  such  quantities.  I  do  not  know  what  you  mean  by 
a  statistical  sense. 


CSudrman:  I  was  merely  making  the  observation  that  clearly  any  linear  perturbation  would  not  describe  the  vortices 
that  we  saw  rolling  up  in  your  61m  and  in  Dr  Poldervaart’s  film.  But,  on  the  other  hand,  there  is  a  very  impressive 
agreement  ot  tire  predicted  correlation  structure  through  linear  stability  analysis  in  the  diverging  shear  layer.  I 
could  be  very  loth  to  suggest  that  it  is  irrelevant,  but  I  don't  quite  know  what  the  relevance  is. 


ftof.  Ls’Jer:  I  think  it  is  accidental. 
Chairman:  That  is  fighting  talk. 


M.  Lsf-mdre:  1  wish  to  have  the  opinion  of  the  assembly  on  what  I  said  in  my  introductory  speech  on  the  relative 
displacement  of  vortex  rows.  The  mechanism  I  suppose  is  not  very  far  from  Prof.  Laufer  s  but  more  adequate  for 

V, 

V,  +  3Va 


well  established  turbulence.  If  the  velocity  in  the  jet  is  V,  and  the  velocity  outside  is  V, ,  1  imagine,  to  start  with. 


two  vortex  rows  with  velocities 


3V,  +  V, 


and 


1  made  a  rough  calculation  giving  the  order  of 


magnitude  of  such  a  sound  source  which  is  not  a  noise  source,  since  it  would  be  necessary  to  put  in  the  scheme 
some  rendemnes  and  certainly  more  than  two  vortex  rows,  I  found  an  energy  much  greater  than  what  is  known, 
because  I  did  not  take  into  account  the  oscillations  of  the  vortices  around  their  mean  trajectories  but  it  seems  to 
me  that  {.  deeper  iovesiigatioa  would  give  a  physical  support  for  the  calculation  of  UghtilTs  quadrupok  intensities. 


Chstmun:  I  am  reminded  of  calculations  that  I  think  were  done  by  Prof.  Heck!  of  the  sound  radiated  by  vortices 
moving  ift  'lefasd  paths.  If  my  memory  senes  me  correctly,  one  has  to  be  extremely  careful  to  ba  sure  that  the 
psth  that  .he  vortices  are  add  to  be  following  actually  satisfies  the  equations  of  motion,  because  if  it  doesn't,  one 
is  implyheg  that  one  hat  a  fence  actually  driving  the  vortex  in  that  path  find  the  force  makes  sound. 


ftqf.  k-Scaetsssn:  Following  on  what  M.  Legendre  uid,  l  think  at  this  point  we  should  just  remind  ourselves  again 
of  what  Brawn  add  Rothko  found,  because  I  think  tier,  it  is  still  the  most  impressive  demonstration  of  regularity 
in  these  flows  tsre  <OP*93).  Mia  Denims  did  a  very  straightforward  eitafysis  of  the  film  they  have  taken.  She  plotted 
an  s-t  diagram  end  wont  through  the  film  frame  by  frame  and  made  a  point  where  the  centre  of  a  vertex  core 
Lappstte-d  to  be  at  any  given  time.  It  was  very  easy  to  identify  where  die  cores  were,  and  the  outcome  of  it  was  a 
number  $i'  -Scot,  aS'parallef;  that  is.  the  cores  were  all  moving  at  about  the  same  speed  (see  figure  opposite).  But 
not  »!1  of  these  itess  continued.  Some  did  go  further  than  oflsre.  At  any  siren  time,  there  woe  a  number  of  core* 
which  were  equidistant.  end  then  suddenly  one  was  misting  arid  the  distances  were  iar|«.  One  could  even  pt  the 
imprcKion  that  they  were  exponentially  spaced.  That  was  just  brought  about  by  the  disappeerenca  of  cores.  That 
it  Frof.  iuttffer  wss  talking  about  this  morning.  !  am  now  almost  opilmlit&  retough  to  assume  that  ibis  U  cot 
just  random,  Out  we  cm  calculate  it.  The  point  I  want  to  make,  if  one  boks  at  there  data,  eud  they  are  really  very 
Seed  data,  Is  that  one  finds  'Shat  there  is  a  remsriabk  order  in  it.  it  is  a  reort  regular  flow  pattern,  I  hope  wc  a 
issks  \m  of  that  and  get  somewhere.  If  reafiy  ceroea  down  to  what  you  said,  Ur  Chairman,  i.e.,  1st  us  look  at  the 
evtstta  or  vital  Prof.  Laufer  toiled  the  actual  process.  S  would  like  to  knew  what  the  fluid  motion  dement  rosily  ia 
md  what  bfhgs  if  shout: 

SteS.  Swamshari:  Rcfersfts.to  §o;jr  with  regard  to  the  validity  of  linear  theory  I  think  I  did  pretest  this 

ssdwhtg  th»;  lc«etr  pert&biStisi  thect?  for  the  diverging  shear  flow  doc*  Indicate  many  of  the  features  that  we 
ofejfvc.  ThEi'-p^lapa  U  guod  enoup  proof.  is  troe  that  when  the  amplitude*  do  become  JarfS,  then  we  ndght 
hare  to  apply  >2*?~|Re»  study  ris.  It  ia  net  dis?  to  ha  wheihw  vre  stand  to  benefit  in  petite*  t  physical 
picture  by  -yurttagr  wfeh  c..soa4iseir  disrqgsJdiag  the  diverging  sheer  flow.  You  ate  produce  the  same  result 


or.Vj 

EHj?-; 

Yi®#  [l  unit  «(|/8)  *  icr3  sec] 

Experiment*!  spicing  of  cores.  From  experiments!  by  Brown  and  Roshko 


by  either  mean*  if  you  so  wish.  It  appears  to  rae  that  first  thing  to  account  for  is  really  the  non-parilie!  nartorw  of 
the  (heir  flow.  That  dc*3  limit  the  amplitude  also.  Another  question  naturally  is,  what  is  the  initial  .araplifuds  one 
would  put?  This  we  do  not  know.  What  are  the  cmplii  tides  one  should  put  at  the  exit  of  a  noxrie  for  the  various 
spectral  components? 

Qjrinaaa:  That  is  cot  the  only  question  in  that  respect.  If  one  decs  an  analysis  of  tl«  type  you  described  this 
morning,  the  waves  grow  became  the  system  b  unstable  and  they  mow  into  a  region  where  they  are  no  longer 
unstable  so  they  are  controlled  sgrin.  the  amplitude  of  the  wave  is  detentsined  by  some  initial  condition.  But  in 
fact,  the  noa-lineor  amaH-acafa  turbulence  will  no  doubt  be  continually  exciting  the  waves,  too.  Is  it  clear  that  the 
excitation  at  the  initial  condition  is  Store  pertinent  than  the  continuous  excitation  of  the  waves  os  they  travel  down¬ 
stream? 

IW.  Kssaseheti:  It  is  cot  dear  exactly  what  tha 'initial  cc-aditkm*  should  be,  and  I  UaSdc  that  that  is  where  some 
of  the  difficulty  actually  lies.  I  do  bo4  know  the  rntwer  to  that  question,  but  l  (hiftk  in  the  light  of  the  so-called 
whereat  structure.  the  re§u!*r  pattern,  'hit  sttbflky  snsiyri*  has  a  much  better  chance  of  a  pamper  descriptor! 
where  we  ccuU  lead  ocirwiws  to  coherent  urudust*. 

Ottfewat  Weil,  t!  girej  different  formation,  doesn't  it?  U  k  pataucrably  *  goad  peoiict&ft  of  tho  measured 
coireteriaa  data  at  the  shear  layer.  That  U  the  claim  Uurt  is  beteg  made,  H  it  not?  White  she  other  more  pfecnomano- 
fegkal  spgrotdi  tries  :»  fcfcatify  the  sowree  in  *  itriBeteasiy  simple  form  that  one  can  poevLcly  hope  to  wadmtend 
the  essential  mechanics  and  tfcxs  b.ins  about  change. 

ftrf.  ErsrxsKhsri:  ftteftspe  l  saute  ash  the  following  question:  grtjsiiag  that  wo  did  picture  what  we  observe,  how 
arc  we  going  to  model  the  structure  of  a  jet  iucfc  that  we  shall  be  able  to  cotaputc  fho  (cr-iteid  node  given  the  total 
oooditioa*'?  HTut  ta  the  tfetihcmarical  aovki  we  make? 


Oufetses:  ff  I  couki  put  that  in  another  way,  is  ft  ntuouabk  to  expea  that  we  would  owe  be  able  to  compute 
the  tadafsoa  fresr  a  shear  ttyer  when  wo  cannot  tw  compute  the  sate  of  spread? 


ftrof.  Ksmacfati:  In  the  light  of  the  experimental  observations,  the  pictures  which  have  been  seen,  what  is  the  best 
one  can  do  so  that  we  could  get  as  much  of  the  information  as  possible? 


Chairman:  Wh?t  other  views  are  there  here  os  this  point? 


Prof.  Ulley:  Ali  these  views  and  these  various  approaches  must  be  very  helpful.  The  important  thing  is  that  we  are 
all  trying  to  search  for  the  appropriate  structure  of  the  turbulent  flow.  If  we  go  back  to  some  of  the  measurements 
that  Prof  Laufcr  and  others  made  earlier  some  20  years  ago,  we  find  that  they  gave  a  picture  of  thj  turbulent 
structure  in  jets  which  has  gradually  been  improved  as  more  and  more  experimental  data  has  become  available.  In 
his  book  on  Shear  Flow  Turbulence,  Townsend  described  a  deterministic  structure  for  the  very  large-scale  eddy 
motion  which  was  based  on  the  measurements  of  the  two-point  velocity  correlations  at  large  separations.  Further 
understanding  has  awaited  the  more  recent  measurements  involving  the  advanced  techniques  based  on  conditional 
sampling  methods.  However,  paralleling  these  experimental  studies  theoretical  work  has  displayed  a  connection 
between  the  large  eddy  structure  and  that  described  by  stability  theory.  We  have  now  found  that  linear  stability 
theory  applies  to  the  turbulent  flow  in  a  jet  mixing  region  does  in  fact  describe  a  most  unstable  wave  packet  at 
each  downstream  station  which  to  some  extent  can  be  argued  to  be  representative  of  seme  of  the  deterministic  or 
coherent  structures  which  Prof.  Laufer  and  others  have  in  far*  recently  measured.  Others  of  us  have  been  trying  to 
see  how  we  can  piece  together  these  various  pictures  of  the  flow  into  an  appropriate  model  from  which  we  can 
estimate  the  noise  generated.  Of  course,  I  agree  with  Prof.  Laufer  that  we  cannot  expect  a  completely  linear  theory 
to  cope  entirely  with  this  problem  of  the  large  scale  structure.  Clearly,  non-linearity  has  to  be  included  in  the 
problem  and  plays  an  important  part  in  our  work  in  determining  the  limiting  amplitude  of  the  wave  packet.  How¬ 
ever,  as  Prof.  Karamcheti  has  said,  linear  theory  goes  a  long  way  in  explaining  many  interesting  features  of  the  large- 
scale  motion.  It  is  therefore  essential  to  see  how  far  linear  theory,  allowing  for  flow  divergence,  predicts  the  main 
features  of  the  motion  as  compared  with  experiment.  David  Crighton  now  has  some  detailed  results  for  jets  allowing 
for  flow  divergence  snd  this  complements  some  of  the  results  we  have  obtained  by  a  different  approach.  My  own 
feeling  is,  after  working  on  these  theoretical  approaches  for  a  number  of  years,  that  in  aerodynamic  noise  studies  it 
is  essential  to  get  as  good  a  mode!  of  the  turbulent  flow  structure  as  is  possible.  The  pioneering  work  of  Iighthlll 
in  which  noise  generation  was  described  in  terms  of  the  stress  tensor  Ty  has  indeed  been  very  helpful  in  giving  us 
a  picture  of  the  neise  field  and  the  general  properties  of  the  sound  radiation.  However,  It  is  now  clear  that  only  a 
limited  picture  of  sound  generation  is  obtained  by  the  use  of  a  theory  based  on  the  concept  of  an  acourtic  analogy 
and  a  distribution  of  equivalent  acoustic  sources.  As  more  and  more  detailed  measurements  of  the  unsteady  flow 
properties  in  jets  became  available,  including  measurements  of  velocity,  pressure  and  density  fluctuations,  so  we 
need  to  include  them  within  a  theoretical  framework  so  that  the  greatest  possible  opportunity  is  established  for 
getting  closer  to  the  true,  mechanisms  of  sound  generation.  By  using  a  theoretical  framework  based  on  the  converted 
wave  equation  for  disturbances  within  the  flow  1  believe  we  have  a  powerful  model  which  governs  the  generation 
propagation  and  transaistion  of  sound  within  and  outside  the  Row.  Even  in  low  speed  flows  it  seems  to  me  essential 
to  include  the  compressibility  of  the  fluid  both  inside  as  well  tt  outride  the  flow  if  the  complete  interaction  between 
the  spur/d  end  the  flow,  which  generates  it,  U  to  be  considered.  I  believe  descriptions  of  the  pressure  in  the  near- 
field  of  jets  ss  p*eudo«G3.«ts3  and  describing  flic  flow  as  if  it  wore  Incompressible  are  unhelpful  concept*.  The  essential 
difficulty,  »a  specified  fey  Lighifclil,  is  thsi  in  any  theory  of  jet  noise  the  noise  generated  by  the  turbulence  hs*  as 
sasrgy  very  s»tdl  compared  with  the  kinetic  energy  of  the  turbulence  and  hence  errors  in  its  triitnation  can  be  very 
Siv/M  indeed.  Thai  a  egstirested  if  m  wo  suppose  much  of  Uts  noise  generation  comes  from  the  large?  eddies  which 
may  contain  little  aorogy  themselves  and  whose  description  Is  not  known  precisely.  Ti-se  method  we  are  evolving  at 
the  preeent  time  snakes  the  beat  use  of  the  current  information  on  jet  structure  and  it  is  only  a  matter  of  convenience 
that  we  hsvs  used  a  linear  theory,  backed  up  by  certain  non-linear  effects,  for  the  description  of  what  we  have  judged 
to  be  the  more  important  noise  £  in  crating  mechanisms.  One  important  feature  of  these  models  was  also  referred 
to  by  Prof-  knramchcri  thia  morning.  It  h  dear  that  even  in  vary  ekarentiry  calculations  on  jrf  noise.  In  which 
RUjdel  far  the  turbulent  structure  is  included,  that  the  fsr-ileld  noise  is  very  dependent  on  the  characteristic 
frequencies  in  the  turbulence  that  etc  itvsciited  with  each  downstream  section  of  the  jet.  It  appears  therefore  that 
in  such  flow**  the  flow  divergence  is  important  ig  determining  these  characteristic  frequendw  aad  ouee  calculated  the 
remsii'ting  detailed  description  of  the  turbulent  structure  is  not  tropertint  in  providing  *n  estimate  of  the  far-tretd 
noise  radii  lion  -  Its  intensity  aad  spectral  characteristics,  However  the  amplitude  of  the  converted  wave-packet  at 
each  station  is  also  required  and  this  can  only  strictly  be  obtained  from  a  non-linear  choory  such  as  used  by  Morris 
or  from  experiment.  Tt»  picture  described  by  us  tad  Fvof.  EaramchtU  of  the  huge  *wfc  motion  in  jets  dw»  not 
srem  to  be  too  much  in  dhagreenrent  with  the  turbulent  structure  Laura?  and  others  have  otesevea  and  measured 
and  this  applies  also  to  the  picture  of  sound  generation. 


Qridmaa:  One  tiuag  that  they  measured  evidaatiy  is  e  rather  event  where  vertices  swallow  up  aes  another 
or  pair  with  one  srtotfcw.  Furihcnoc.ee,  it  is  suggested,  I  think,  that  that  event  is  probably  riotect  eaought  to  be  » 
very’  impressive  source  of  sound.  Is  U  Ikeiy  that  hnear  stability  theory  will  ever  g si  anywhere  near  heart  of 
that  problem? 


ffeof-  tiSey:  Liattr  theory  alone,  of  course,  cannot.  But  I  beiwvc  fits  roots  of  titsl,  or  the  uauUM  eiemeast  of 
the  birth  process  of  those  structures  will  coae  out  of  •  Sneer  study. 


Dr  Ctighton:  I  think  perliaps  the  best  documented  evidence  on  orderly  jet  structure  is  the  well-known  paper  of 
Crow  and  Champagne.  In  that  paper  there  are  measurements  of  filtered  signals  corresponding  to  the  fundamental 
and  fust  harmonic  of  what  appeared  to  be  the  most  rapidly  amplified  disturbances.  It  was  never  found  that  more 
than  the  fundamental  and  one  harmonic  were  needed  to  almost  completely  describe  the  energy  balance  in  the  first 
six  diameters  of  the  jet.  Despite  this,  Crow  and  Champagne  seem  to  be  rather  obsessed  by  the  non-Msear  aspects 
of  the  mechanism  that  decides  what  is  the  preferred  mode.  They  have  a  lengthy  discussion  of  the  reasons  why  it 
is  non-linear  mechanisms  that  give  you  0.3,  essentially,  as  the  preferred  Strouhal  number,  the  one  that  is  most 
rapidly  amplified.  I  think  that  it  is  rather  odd  that  they  should  have  fixed  on  that  idea  in  view  of  their  measure¬ 
ments,  which  show  that  non-linearity  is  not  very  strong.  I  do  not  believe  that  it  is  a  controlling  influence.  In  fact, 
on  the  contrary,  1  would  like  to  refer  people  to  a  paper  by  Prof.  Michalke  which  shows  that,  whereas  no  proof  has 
yet  been  given  to  show  that  non-linearity  gives  this  preferred  Strouhal  number,  linear  stability  theory  for  the  right 
(i.e.  the  measured)  velocity  profile  does  it,  and  very  nicely,  too,  to  within  a  few  percent. 


(hdman:  What  is  it  predicting?  Could  it  possibly  predict  the  sort  of  flow  structure  that  we  raw  clearly  visualized 
in  the  films?  1$  it  important  that  it  should? 


Dr  Crightoa:  No.  But  let  me  ask  if  there  is  any  other  theory  besides  the  one  that  I  have  been  working  on,  which 
obviously  agreei  very  closely  with  what  Prof.  Karamcheti  was  describing  this  morning,  which  would  predict,  in 
pretty  good  numerical  agreement  with  the  Crow  and  Champagne  experiments,  that  a  1%  forcing  of  the  exit  plane 
could  be  magnified  to  1 5%  in  five  diameters,  and  thereafter,  decay.  This  is  the  sort  of  thing  that  can  be  predicted 
and  agrees  very  closely  with  the  measurements. 


Chairman:  Could  you  predict  the  streamline  pattern  that  we  saw  in  Prof.  Polder vsart's  film? 


Dr  Crightoo:  No,  certainly  not.  But  I  believe  that  there  are  certain  aspects  which  are  predictable  by  linear  theory. 
You  seem  to  be  asking  for  a  non-linear  theory  to  predict  something  far  bigger.  There  sic  some  things  which  can  be 
predicted  very  cto&sly  indeed,  and  not  in  the  d3  sense  either.  1  am  talking  about  algebraic  terms.  1  think  what’s 
happened  so  far  strongly  gives  support  to  the  view  that  linear  theory  a  highly  adequate  for  the  moment.  I  am 
not  saying  that  it  is  not  a  non-linear  process  It  is  a  different  matter  to  say  that  non-linearity  is  there  than  to  say 
that  non-linearity  h  the  ccnUoSnug  proem  on  eddy  growth,  for  example.  What  i  am  saying,  is  that  that  is  not  the 
dominant  process,  end  IMst  is  to  a  targe  extent  borne  out  by  the  Crow -Champagne  experiments.  1  think  that  you 
will  shortly  find  a  lot  of  very  careful  measurements,  very  well  rapport ed  by  the  theories  of  Prof.  Karamcheti  and 
others. 


iYoi  Laufes:  Being  en  experimentalist,  l  must  strongly  disagree  with  our  theoreticians.  I  doubt  very  much  that  a 
linear  Kebliity  theory  can  treat  the  wrtax  forntiUoo  region  and  the  vertex  interaction  While  admittedly,  c 

wave  like  description  of  the  Sow  field.,  asrignnteftt  of  local  wave  numbers  is  possible  in  principle,  1  question  its  use¬ 
fulness.  It  is  ckar  from  our  observations  that  wave  crests  are  lost  causing  a  change  is  apparent  “wav®  length”.  This 
new  “wavs  length”  is  sot  due  to  a  change  of  frequency  in  space  tad  Urns  but  to  an  actual  merging  of  two  local 
crests.  Consequently,  the  concept  of  “phase  speed”  i*  not  helpful  since  pittas  reference  is  tort. 


Dr  Crightoo;  i  would  just  hfcs  to  say  that  the  theoretician  t  obviously  itgrae  on  wfest  e  happening,  ssd  f  sjggast 
that  the  experimentalists  agree  smors  themselves.  The  Crov#-Cfewnpsijw  paper  contains  detailed  measurements  of 
wtve-Uke  processes  ct  an  altogether  ftmiikr  kind.  I  would  just  like  to  id  D?  Laufer  how  he  view*  that  partis  ulsr 
piece  of  ex«fi*ne«t*i  wcric,  which  im  a  great  overlap  with  the  work  of  Dr  Fuchs,  Dr  Firinsr  and  *  number of  other 
pfio^te  who  do  see  wawtjks  structure*,  who  can  defies  phase  voiodtc*  sad  wavelengths  sad  whose  mecscremeuls 
of  the*  quintitk*  do  agree  with  stability  theory. 


Frttf.  Uafi*  cootriemtod:  Sncfion  1U  (page*  21-3)  of  toy  paper  directly  answers  tkU  quartioo. 


IVof.  Isartmcheg:  I  think  that  I  worki  like  to  add  a  fiuk  bit  to  this.  Wfesa  1  am  with  thacfsticiim  1  wsisiiy  say 
i  cm  an  esparirsoiuSrt..  and  when  !  asa  with  eiparimeituSrts  I  s*y  that  i  a*  s  theoretkian.  In  the  tsanna, 
vbm  1  am  with  acourtidass,  l  say  I  week  In  tsreSed  pa  byjucvtes,  s&d  vice-  versa,  I  think  life*  cat  teg  of  infer- 
preutico,  for  after  all.  tbs  diriuxbuvx  ftcli  *  indeed  «  vortex  field.  S  think  case  could  nuke  tab  type  of  picture 
repreeerit  the  flow  description.  As  a  mattes  of  fact,  Lasdau  baa  pr&bsbty  solved  U  e-  fcwg  t ten  ago  aiss.  I  must  «y 
the  idea  of  inwxUgsUng;  ton-panilSel  these  ffex® »  motivated  by  experiment,  not  by'  theory.  I  think  that  xme 
eeMuremeati  wo  are  tryiag  to  study  very  carefully  may  indeed  prove  what  are  a anas  of  those  effects  of  the  diresgp* 
shear  Dow.  StlS  u  is  not  complete,  but  in  fact,  we  sre  trying  to  draw  on  your  to  ak>v  this  effect 
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ftrof.  MkMke:  Ccmeemini;  the  controversy  whether  the  pairing  process  of  vortices  as  shown  by  Professor  Laufer 
can  be  described  by  a  linear  or  non-linear  stability  theory,  I  agree  with  Professor  Laufer.  !  am  convinced  that  the 
pairing  of  consecutive  vortices  and  their  eoatesssnee  to  a  tijtgcr  vortex,  which  are  well-known  phenomena  in  the 
lamiaMarfealsat  tmnrision  of  circular  jsts  (cf  Reference*  I  and  2),  is  a  highly  non-Haear  process  due  to  the  mutual 
induction  of  the  vertidty  concentrated  ia  the  vortices.  On  the  other  hand,  Professor  Laufer  argued  that  in  his  film 
sinusoidal  wavelike  deformations  of  the  sircar  layer  were  restricted  to  a  very  small  flow  region  and  that  therefore  the 
flow  region  amenable  to  a  linear  theory  i*  also  my  restricted,  in  my  opinion  this  is  not  strictly  tnie.  What  we 
saw  in  the  film  were  streakfinw,  A  couple  of  yearn  ago  I  calculated  the  eteeakiine  pattern  of  a  disturbed  free  shear 
layer  using  tlx>  solution  of  tlie  linearized  instability  problem®.  I  found  that  tire  calculated  streskiinea  showed  the 
rolilngop  process  of  the  shear  layer  which  was  In  good  agreement  with  experimental  results.  This  seems  to  indicate 
that  even  iha  non-sin uscl dal  deformation  of  the  streaklines  and  the  formation  of  vortices  can  be  described  by  linear 
theory  -  at  least  to  a  certain  degree. 

Another  question  is:  How  important  ia  the  orderly  wave  or  votex  structure  with  respect  to  tire  jet  noise 
radiation?  In  a  circular  jet,  ring  vortices  may  develop  duo  to  the  instability  of  the  turbulent  jet  boundary  end  under¬ 
go  pairing  processes  like  that  observed  by  Professor  Laufer  in  the  plane  shear  layer.  He  emphasized  that  the  pairing 
process  may  be  a  shoo#  source  of  noise  and  I  a&z s  completely.  On  the  other  hand,  even  if  no  pairing  process  were 
present  and  the  ring  vortices  would  only  move  downstream  in  the  jet  with  constant  speed,  yet  growing  i&  intensity 
and  decaying  again  further  downstream,  why  should  this  type  of  orderly  structure  not  radiate  sound?  It  u  well- 
known  that  a  frozen  pattern  moving  with  constant  subsonic  convection  speed  does  not  radiate  any  sound,  since  a 
moving  firems  of  reference  then  exists  in  which  the  pattern  is  stationary.  But,  when  we  consider  the  esse  of  a  jet 
emerging  from  a  nozzle,  s  moving  frame  of  reference  in  which  the  vortex  motion  is  stationary  doesn’t  exist  because 
of  the  vortex  growth  mid  decay.  Therefore,  eves  if  the  ring  vortices  in  the  jet  would  move  with  constant  speed 
and  without  pairing,  they  should  always  radiate  sound. 

Finally,  if  we  adopt  the  instability  of  the  turbulent  jet  boundary  layer  as  the  cause  of  the  existing  ring  vortices 
and  as  a  source  of  noise,  than  we  should  slso  consider  that  s  circular  jet  is  also  unstable  with  respect  to  nen- 
axlsymmetric  disturbances.  These  azimuthal  disturbances  should  lead  to  a  type  of  helical  vortices.  In  fast,  the 
contribution  of  Dr  Fuchs  irm  shown  that,  spurt  from  the  axisymmetric  turbulence  coraporwnts,  there  is  among 
other*  also  a  relatively  strong  first  szbmrthsl  component  for  Sttuuhal  msmfeecs  0,1  ...  J  .0  in  a  low  Much  number 
jet.  It  may,  however,  be  Interesting  to  note  Here  that  for  Mach  number*  above  0.7-0.8  the  flirt  azimuthal  instability 
mode  can  be  more  unttafefe  than  the  axisymnietric  mode  as  was  shown  theoretically  in  Refererree  4.  This  implies 
that  the  structure  of  jet  turbulence  may  possibly  change  and  that  the  content  of  higher  szJzautisal  components  ©ay 
become  stronger  with  inaesang  jet  Mash  number. 
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Sr.Qiaiastdux:  In  the  Max-Ffsnos-inriit.-t  for  StriJmcu^orsdiuag  in  Gdtti^tn  F .Albers,  H.Stkwitt  and  ay*df 
have  trade  aoste  mismeate&tt  recently  ©a  js't  structure  with  tee  hsip  of  an  IsUgratiag  method.  I  think  the  results 
tit  well  into  the  picture  presented  by  Ur  Laufer  tils  tuorsing.  For  this  ttssm  I  would  Eke  to  report  briefly  cm 
these  cctpesascuu. 

The  method  use*  tab-  sedteris®  of  totted  by  t.urfcujr&qe  a*  s  b*b»  of  taws  tearing  the  hitfcuksce.  The 
experijseatsd  aramgaamt  can  be  ares  ia  Figure  1  opiate.  A  enril  bum  of  eoaUauiaa  sound  wive*  (typical  beam 
diameter  3  mm,  typical  souad  frequency  4.3  KHz)  it  rest  tarwtga  the  csiii£§  region  of  a  a&sargri  water  jot.  The 
flow  fSacfirtfloat  is  the  ewuad  beam.  Tfeme  g&te  ihietua&oc*,  wfefefc  ere-  of  the  oriikr  of  *  few 

aagutet  deftee*,  art  measawL  Sn  pisresl  ths  theoretic**  trwsrecfci  of  Kj>*eri#i  of  •ouoi  by  twbskaes*  &  re  the? 
compkiratedv  Se  the  erne  of  water  ss  *  asad&m*  with  na&Egitfle  tccspaifere  ffeutua&ss  gad  wSiS  fraqoretcie*  of 
a  few  Ulu,  however,  the  phase  fluduatios*  b  (<)  css  be  cricuhsad  to  t  pjsod  by  a  superpoasfe'SB 

of  the  kwi  wricerty  «■(*,  t>  and  th*  *m&  jfctodty  ct.  IK*  uqstpcuitk*  which  wot  Out  usd  by  Gi.TtVtor  ia 
1916  a  a  p*per  6..  £o^ad  pcopagssioa  k  the  vtausapbece  -  team  to 
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Fig.1  Experimental  amussement  for  the  instigation  of  turbulence  in  a 
submerged  water  jet  with  the  help  of  ultrasound 

Here  fs  is  the  sound  frequency  at  th-3  traiwmitier,  /  is  the  sound  path  and  underlined  symbols  represent  vectors. 
According  to  this  fosmula  the  measured  fluctuations  ♦(t)  are  proportional  to  the  integrated  flow  velocity  along 
the  path  of  the  scusd  bears.  As  this  method  jives  *  space  averaged  turbulence  signal  it  seems  to  be  especially  useful 
for  the  detection  of  structures  in  turbulence. 

For  the  roeasercmcats  reported  in  Figaro  2  (overleaf)  the  sound  beam  was  directed  through  the  axis  of  the  jet 
at  a  tight  jutgfe.  T*u*  measured  fluctuations  £(t)  are  analysed  with  respect  to  frequencies.  Different  curvet 
cermpond  to  different  distance*  x,  between  rwixle  and  sound  besia.  As  can  be  wen  the  frequency  spectre  of 
d">  change  with  increasing  distances  s,  to  flat  the  plow  fluetiatioas  become  larger  ersd  simultaneously  the 
rsasaru  c-f  the  cures,  shift  towards  lower  frequencies.  This  could  be  Lntesnreted  as  ta  Increase  in  the  are  of  the 
addles  combined  wish  «  decrease  la  the  recunency  frequency  cf  the-  eddies.  Figure  3  \on  pegs  A4  3)  shows  the 
owsrsii  levels  of  the  phase  fluctuations  #  u  s  fURt-doo  of  live  diSaaee  x,.  la  addtiiett  to  the  ro^esurements  * 
otetikted  curve  for  ths  pfuae  fluctuations  u  plotted  lr  this  figure.  Tfes  cikvtUtten  ws*  dose  oa  the  bssre  of  a 
eor.4stiaa  tejgfh  L  »  Q.04x  taken  from  the  literature.  As  can  be  seen  the  meowed  saints  are  higher  than  the 
ealcukied  use*.  Thu  could  pc  Babiy  be  expiiisal  by  the  exirtasc*  cf  *  high  consfaiioo  of  the  velocity  fluctuations 
across  the  jet.  Rpw  4  (cut  page  A-14)  give*  -ctosi  correklioit  curvet  pined  with  the  help  of  two  round  beams  rat t 
thiociih  the  jet  fcrpendkukriy  to  one  another  (c! stalls  of  the  arrangement  see  Figure  4).  This  figure  shows  fly*  tire 
QGrrega&xt  between  the  pitas?  Buctuafiag*  at  lire  two  taund  beams  extends  in  the  x-direclioa  over  fairly  large 
dituare*.  iadkatiu*  stain  the  existence  of  Urge  teds  strueturee  in  the  jet 

fire  results  given  here  haw  tiiii  a  preMruizusy  ctancict.  Mete  details  -will  be  jmtdohed  shortly  in  two  reports 
of  tire  Max-FS&edkT^titut  fQr  StiSmvWpfarschusg,  G5ttiB$Ki. 


Ckaan&aa:  Vary  tstercstias.  Docs  tsyoae  else  have  a  coctribctica  to  soak*  oe  this  item? 


fto-f.  Swidon:  Dare  seems  to  me  to  be  s  bit  cf  paradox  concern  tag  which  ragsoo  of  tsw  jt?s»  essitss  frequencies 
ociscideat  with  the  Sirouhsi  path  of  tire  ftr-field  notes  spectrum  (f  ~  .2  .  If  we  boh  ai  tire  sgtfeas  exp-eri- 

mc-rtts  ttnpjoytftg  ray-scourtk  fypea  of  directioeiaS  electors,  for  example  the  data  cf  Ou>  and  Uaret  of  one  yfe?  «*> 
(Vashraetoa  Interne**:  J&etag)  and  tire  data  which  Dr  Groach  presented  era  Wedrassday  we  tee  titst  the  fraqaeacies 
cosBcdant  with  the  Strodol  peak  sees*  to  be  coctiag  from  dsttfloa  of  10  to  5  5  diameters  cs&vws tresyc  is  the  softie 
jet.  Admittedly  tire  extent  of  this  regk>»  it  rather  broad,  but  mrtwrtheieu  tire  obererts^on  u  to*  eottshient  with  the 
daweti  aouoa  uui  sort  of  tire  souid  power  should  be  ootcamj  from  the  first  <—6  tUsmeterc  cf  jot  kg£ik 
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Phase  Fluctuations  (RMS-vr'  ies)  [dBJ 


Fit-3  RMS-vsJuct  of  phase  ffedutt-cai  to  t  sound  b«m  ptaiaj  thiocffc  the  £urfcut«« 
taiitog  rcjkw  oi  a  sutmse^d  vxur  set  (iasic  data  as  to  Figure  7) 
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Secondly,  in  the  context  of  coherent  structure  models  for  jet  turbulence  I  seem  to  detect  the  suggestion  that 
the  coincidence  between  characteristic  frequencies  of  passage  for  vortex  rings  and  the  corresponding  peak  frequencies 
in  the  jet  noise  spectrum  may  be  more  than  accidental.  Is  there  an  explanation  for  thL  ui  terms  of  the  phenomeno¬ 
logical  pictures  wbicn  Prof.  Laufer  and  others  have  given  us  today? 

Prof.  Laufer:  Actually,  we  find  that  the  peak  occurs  closer  to  8  to  10  diameters,  as  far  as  the  total  energy  is 
concerned.  I  think  some  of  the  curves  that  you  have  seen  corresponded  to  just  one  particular  frequency.  That 
might  explain  one  of  the  questions.  As  to  the  other  one,  I  am  not  sure  whether  1  understand  you  correctly;  that 
the  frequencies  that  you  see  in  the  far-field,  at  least  where  the  maximum  energy  occurs,  are  different  from  the 
frequency  of  passages  of  these  structures,  is  that  your  question? 


Frof.  Siddon:  No,  in  fact  the  frequencies  of  vortex  passage  and  of  peak  noise  emission  are  rather  similar.  This 
would  suggest  that  your  notion  of  vortex  breakdown,  through  pairing,  might  indeed  hold  the  key  to  the  basic  noise 
generation  mechanism.  It  was  interesting  to  note  in  your  film  strip  earlier  this  morning  that  as  the  vortices  paired 
there  was  an  almost  catastrophic  “explosion"  of  ordered  vorticity.  Tire  smoke  filaments  suddenly  distorted  and 
broke  apart,  appearing  to  generate  turbulence  of  all  scales  in  a  region  beginning  at  approximately  the  end  of  the 
“potential  core”.  This  annihilation  of  organized  vortices  may  occur  quasi -regularly,  at  the  vortex  pairing  frequency, 
almost  as  if  they  were  being  slammed  against  a  wall.  Noise  of  all  frequencies,  but  modulated  at  the  Strouhal 
frequency,  could  result,  much  as  in  the  familiar  case  of  waves  breaking  and  crashing  at  the  sea  shore. 

Chairman:  Time  is  getting  on.  We  ough:  not  to  introduce  another  topic  that  will  take  as  long  again.  I  will  remark 
a  little  on  the  way  the  meeting  has  gone.  This  meeting  has  concentrated  very  much  on  jet  noise.  That  really  was 
rather  unexpected  judging  by  the  topics  discussed  at  the  meeting  10  years  ago.  We  have  heard  how  there  has  been 
some  progress  evidently  in  the  suppression  of  the  high  speed  jet.  We  had  a  hint  that  the  situation  was  likely  to  be 
different  when  the  nozzle  was  tested  in  flight,  all  coming  from  the  presentation  yesterday  afternoon.  Does  this 
mean  ihtt  we  are  going  to  have  to  put  much  more  effort  on  simulating  flight  effects  in  searching  for  jet  noise 
suppression  in  the  future?  What  are  we  going  to  do  about  that?  Do  we  need  perhaps  an  acoustic  wind  tunnel  of 
the  type  we  heard  described  this  morning  from  the  Naval  Ship  Research  Development  Center?  It  would  really  be  a 
very  useful  tool  to  have  in  the  aeronautical  world.  I  am  not  aware  that  there  is  an  acoustic  wind  tunnel  program, 
but  it  looks  to  me  as  if  there  ought  to  be  one. 

The  shielding  of  s  noisy  jet  by  a  quiet  jet  b  again  something  that  is  very  striking  indeed.  It  goes  quite  against 
the  way  one  likes  to  model  these  things  in  any  form  of  source  analogy,  when  one  looks  at  the  source  and  presumes 
that  it  propagates  without  change  through  the  flow.  Thi3  is  done  in  all  forms  of  the  acoustic  analogy.  It  is  striking 
that  it  is  possible  to  shield  a  very  noisy  jet  by  t  small  quiet  jet.  Surely,  that  will  be  an  area  which  will  demand 
mush  more  attention  in  the  years  to  come. 


i  Dr  Diakdackw:  I  would  like  to  second  the  statement  of  one  of  the  previous  speakers,  who  suggested  doing  more 

work  on  shielding  flow  noise.  I  think  that  the  possibilities  of  decreasing  jet  noise  by  different  sorts  of  shielding 
hare  not  been  explored  enough.  We  hare  recently  done  experiment*  with  coaxial  jet*  with  different  gas  temperatures 
and  to  some  extent  also  with  combustion  These  experiments  show  that  small  changes  in  the  flows  can  change  the 
directivity  pattern  of  the  noise  radiation  remiknbly.  It  seems  that  these  effects  are  partly  due  to  real  shielding  of 
the  inner  jet  by  the  outer  orve  and  partly  doe  to  f-ow  interactions  between  the  two  jets.  Clear  differentiation 
between  these  two  nwqhzsisms  seems  to  be  important. 

Frof.  K&dMtBKUi:  A  vary  quick  question,  Mr  Chimrun,  you  hare  mentioned  yourself  that  we  had  concentrated 
very  ranch  on  jet  noise.  If  you  fates  to  wwj  oontiihjtkjsi  from  the  Medical  Pine!  tsd  the  Structures  Panel,  they 
•«8t  a  good  deal  of  information  ftota  y»  of  an  traudvnsuiUs  nature  concerting  other  applications.  Was  this  just 
chance,  or  was  it  the  intention,  that  the  program  turned  out  at  it  did?  We  fuse,  for  instance,  not  mentioned  intake 
neat  r*  *11.  Doe*  that  mean  that  it  isn't  important  anymore,  or  was  it  just  chance  that  it  wa*  left  out? 

Hum  wr  n  t  do  not  think  it  wu  dur-  ■s,  1  tUy\k  the  net  «u  east  pretty  widely,  cad  we  have  today  the  select  ion 
of  ttse  papers  titti  were  admitted. 

« 

St.  You  eodd  not.  Professor  Sischc  asm.  take  pert  in  the  final  selection  of  papers.  St  at  considered 

petfasriie  to  levs  the  subject  of  intake  go«e  tw*  the  Pro;  aiaem  and  Energetics  Panel 

> 

j  Oi  Raf6«:  You  asked  a  direct  queCiCn,  and  1  zhisik  you  deserve  t  direct  reply.  You  slid.  'VoukS  it  be  necessary 

|  to  hare  .pccHistk  wind  'imvch  sad  make  experiments  with  a  moria*  s treats”,  and  l  think  the  answer  exa  only  be  yes. 

I 

t 

s. 

Ji 

n 


This  is  the  process  we  are  now  in.  There  are  obvious  problems.  Acoustic  wind  tunnels  are  expensive,  and  ne?d  to 
be  large.  Therefore,  there  are  likely  to  be  only  a  few  tunnels  in  which  definitive  experiments  can  be  made.  If 
anyone  has  some  millions  of  dollars  available,  I  would  earnestly  ask  them  to  put  it  towards  a  good  acoustic  wind 
tunnel,  preferably  in  Europe.  Having  said  riiat,  I  have  been  struck  at  this  meeting  by  the  neglect  of  forward  speed 
effects  by  the  theoretical  and  experimental  .acoustic  experts.  Roy  Hawkins  trailed  his  coat  earlier  with  the  first 
reference  in  the  meeting  to  the  effect  of  forward  speed.  Cliff  Bore  attempted  to  intervene  earlier  and  was  brushed 
aside.  We  have  had  a  very  entertaining  and  highly  sophisticated  bout  of  infighting  on  the  mechanisms  of  what  one 
is  measuring,  or  indeed  whelner  one  is  measuring  anything.  But  this  does  not  give  me  great  faith  in  trying  to  go  from 
these  results,  with  static  surrounding  air,  into  the  cases  where,  (a)  the  jet  exhausts  into  moving  air,  and  (b)  is  sur- 
rounded  by  a  distorted  air  field  due  to  the  presence  of  the  airframu  If  one  is  being  a  coarse  engineer,  which  I  think 
is  the  phrase  Cliff  Bore  used,  how  is  one  to  interpret  and  assess  existing  theories  and  experiments?  Will  it  be  simple 
to  move  from  our  present  knowledge  towards  th.  real  problem,  or  are  we  still  in  the  situation  which  I  seem  to 
remember  hypersonic  aerodynamics  was  in  20  years  ago,  where  every  meeting  I  ever  went  to  was  concerned  with 
the  discussion  of  esoteric  points  of  technique  and  philosophy,  and  the  real  problems  were  brushed  aside.  Hence, 
can  anyone  assure  me  that  it  is  but  a  simple  step  towards  the  jet  in  a  moving  air  stream? 

Prof.  lifley:  The  answer  to  Rogers’  question  is  dearly  “No”.  There  is  obviously  a  complicated  picture  to  be 
unravelled  of  what  happens  in  me  static  jet  which  will  be  helpful  in  our  understanding  of  the  jet  in  a  moving 
stream.  However  the  structure  of  the  jet  in  the  moving  stream  will  'if'erent  and  work  is  hi  progress  to  establish 
these  differences.  It  is  quite  clear  that  there  are  certain  effects,  as  iawkins  and  M.Kocn  have  demonstrated 
in  their  measurements,  that  have  displayed  "isporiant  differences  between  static  and  forward  flight  noise  characteris¬ 
tics;  these  cannot  be  simply  explained  at  the  present  time.  It  is  clear  that  more  and  more  >v,ean\remenxs  are 
urgently  needed  of  the  noise  field  from  turbulent  sources  of  sound  in  motion,  and  couplet  ,•  i  such  measurements 
it  is  essential  to  add  the  more  difficult  job  of  studying  the  tiirhulent  field  itself.  A  number  of  facilities  for  studying 
the  noise  generated  ‘in-flight’  need  to  be  developed. 


Chairman:  I  might  tell  you  that  many  people  here  have  been  thoroughly  involved  in  trying  to  understand  forward 
speed  effects  and  are  having  great  difficulty. 


M.Hoch:  I  want  to  emphasize  the  problems  of  flight  effects  on  jet  noise  described  yesterday  by  my  colleague 
Roy  Hawkins.  Every  time  we,  engineers,  make  in-flight  measurements,  care  is  taken  in  order  to  get  good  data.  In 
spite  of  this,  it  happens  that,  even  with  simple  convergent  nozzles  or  with  some  types  of  silencers,  we  find  a  lot  of 
unexplained  differences  from  one  experiment  to  another,  from  one  test  vehicle  to  another.  We  do  not  fully  under¬ 
stand  the  reasons  for  these  differences  nor  some  unexpected  phenomena,  c  mpletely  unpredictable  from  available 
theories.  Therefore,  it  is  obvious  that  I  want  to  stress  his  view  that  an  enormous  effort  is  needed  to  study  in-flight 
effects  both  in  the  theoretical  and  experimental  fields.  This  means  that,  besides  the  classical  measurements  on  air¬ 
craft  with  all  the  difficulties' implied,  we  need  some  in-flight  simulation  facilities  more  suitable  for  research  work, 
i.e.  ground  vehicles,  spuming  rigs,  acoustic  wind  tunnels,  etc...  Obviously  a  lot  of  problems  have  still  to  be  solved. 
For  witio  tunnels  for  instance,  how  can  the  results  be  interpreted  i.e.  what  correction  should  be  applied  to  the  data 
to  account  for  the  complicated  propagation  effects  through  the  coaxial  outer  flow  and  its  shear  iayer,  how  can  the 
results  be  transposed  to  a  real  flight  situation,  etc  . .  .? 

For  all  these  reasons  and  because  of  the  practical  importance  of  the  flight  effects  on  jet  noise  and  other  engine 
noise  sources,  my  colleague  and  I  would  like  to  suggest  the  idea  of  having  a  future  specialists  meeting  on  *hese 
difficult  problems. 


Dr  Dinkeiacker:  in  his  comment  Dr  Roger  has  raised  the  question  whether  a  large  wind  tunnel  specifically  designed 
for  aeroacoustic  investigations  should  be  b  it.  In  my  opinion  such  a  facility  could  become  a  very  helpful  tool  for 
further  research  in  aeroacoustics.  I  fear,  however,  that  more  detailed  planning  will  show  tlrat  such  a  facility,  if  it  is 
to  be  useful  for  a  wide  range  of  experiments,  has  to  be  large  and  will  be  very  expensive.  The  crucial  point  in  the 
planning  might  well  be  the  "low-frequency  limit”  of  the  facility  i.e.  the  frequency  down  to  which  acoustical  free 
field  conditions  can  be  simulated.  The  lower  this  frequency  limit  has  to  be,  the  larger  the  dimensions  and  hence 
the  costs  will  be.  I  do  rot  think  that  one  should  compromise  here  too  early,  e.g.  by  declaring  that  frequencies  under 
100  Hr  are  unimportant  My  opinion  is  -  if  such  a  general  purpose  facility  is  to  be  built  -  It  should  be  large  and 
espectally  the  low-frequency  limit  should  be  es  low  as  possible.  .  r.r  this  purpose  it  seems  to  be  reasonable  to  solicit 
money  from  different  countries  and  to  do  the  v.ork  in  international  cooperation. 


Chairman:  That  is  a  fine  note  on  which  we  can  close  this  round  table  discussion.  1  tharrk  everybody  who  took 
part,  and  I  am  glad  that  I  was  able  to  promote  a  discussion.  I  think  that  possibly  most  of  the  points  were  resolved 
in  the  dheussion,  but  I  apologise  if  I  liave  omitted  topics  that  members  might  have  preferred  to  discuss. 

M.  legends  '  thank  you  for  the  excellent  way  you  led  the  discussion. 


APPENDIX  B 


1965 

Report  514 

AGARDograph  91 

AGARDograph  97 
(in  four  parts) 

AGARDograph  102 
AGARDograph  103 

1966 

Report  525 
Report  526 

Report  539 
Report  542 
Report  548 
Report  550 
Report  551 
AGARDograph  109 
AGARDograph  1 1 2 
AGARDograph  113 


A  SELECTION  OF 

AGARD  PUBLICATIONS  IN  RECENT  YEARS  - 
FOR  AVAILABILITY  SEE  BACK  COVER 


The  production  of  intense  shear  layers  by  vortex  stretching  and  convection 
By  J.T.Stuart,  May  1965.  (Report  prepared  for  the  AGARD  Specialists’  Meeting  on 
“Recent  developments  in  boundary  layer  research”,  May  1965.) 

The  theory  of  high  speed  guns 
By  A.E.Seigei,  May  1965. 

Recent  developments  in  boundary  layer  research 
AGARD  Specialists  Meeting,  Naples,  May  1965. 

Supersonic  inlets 

By  lone  D.V.Faro,  May  1965. 

Aerodyossk*  of  power  plant  installation 

AGARD  Specialists’  Meeting,  Tuflahoma,  October  1965. 


The  pitot  probe  in  iow-denaity  hypersonic  flow 
By  S.A.Schaaf,  January  1966. 

Laminar  incompressible  leading  sod  trailing  edge  flows  and  the  near  wake  rear  stagnation 
point 

By  Sheldon  Weinbaum,  May  1966. 

Changes  in  the  flow  at  the  base  of  a  bluff  body  due  to  a  disturbance  in  its  wake 
By  R.Hawkins  and  E.G.Trevett,  May  1966. 

Transonic  stability  of  fin  and  drag  stabilized  projectiles 
By  B.Cheers,  May  1966. 

Separated  flows 

(Round  Table  Discussion),  Edited  by  J.J.Ginoux,  May  1966. 

A  new  special  solution  to  the  complete  problem  of  the  internal  ballistics  of  guns 
By  C.K.ThomhiU,  1966. 

A  review  of  some  recent  progress  fn  undosranding  catastrophic  yaw 
by  i.D.Nicolaides,  1966. 

Subsonic  wind  tunnel  wall  corrections 
By  Gardner,  At. urn  and  Masked,  1966. 

Molecular  beams  for  rarefied  gasdynamic  research 
By  J.B.Frencii,  1966. 

Freeftlgtit  testing  in  high  speed  wind  tunnels 
By  B.Dayman,  Jr,  1966. 


B-2 


Conference 
Proceedings  4 
(two  parts  and  one 
supplement) 

Conference 
Proceedings  10 

Conference 
Proceedings  12 
(in  two  parts) 

1967 

Report  558 

Advisory  Report  13 


AGARDograph  98 


AGARDograph  117 


AGARDograph  119 


AGARDograph  121 


AGARDograph  124 


Conference 
Proceedings  19 
(in  two  parts) 

Conference 
Proceedings  22 

Conference 
Proceedings  22  -  S  4 

1968 

AGARDograph  132 

Conference 
Proceedings  30 

Conference 
Proceedings  30  Suppl 

Conference 
Proceedings  35 

Conference 
Proceedings  35 

1969 

Advisory  Report  1 7 


Separated  flows 

Specialists’  Meeting,  Rhode-Saint-Gendse  (VKI),  May  1966. 


The  fluid  dynamic  aspects  of  ballistics 
Specialists’  Meeting,  Mulhouse,  September  1966. 

Recent  advances  in  aero  thermochemistry 

7th  AGARD  Colloquium  sponsored  by  PEP  and  FDP,  Oslo,  May  1966. 


Experimental  methods  in  wind  tunnels  and  water  tunnels,  with  special  emphasis  on  the 
hot-wire  anemometer 
By  K.Wieghardt  and  J.Kux,  1967. 

Aspects  of  V/STOL  aircraft  development 

(This  report  consists  of  three  papers  presented  dining  the  joint  session  of  the  AGARD 
FDP  and  FMP  held  in  Gdttingen,  September  1967.) 

Graphical  methods  in  aerotheraiodynamlcs 
By  O.Lutz  and  G.Stoffers,  November  1967. 

Behaviour  of  supercritical  nozzles  under  three-dimensional  oscillatory  conditions 
By  L.Crocco  and  W.A.Sirignano,  1967. 

Thermo-molecular  pressure  effects  in  tubes  and  at  orifices 
By  M.Kinslow  and  G  .X  -_mey,  Jr,  1967. 

Techniques  for  measurement  of  dynamic  stability  derivatives  in  ground  test  facilities 
By  C.J.Schueler,  L.K.Ward  and  A.E.Hodapp,  Jr,  1967. 

Nonequilibrium  effects  in  supersonic-nozzle  flows 
By  J.Gordon  Hall  and  C.E.Treanor,  1967. 

Fluid  physics  of  hypersonic  wakes 

Specialists'  Meeting,  Fort  Collins,  Colorado,  May  1967. 


Fluid  dynamics  of  rotor  and  fan  supported  aircraft  at  subsonic  speeds 
Specialists’  Meeting,  Gdttingen,  September  1967. 

As  above  -  with  supplement 


Use  electron  boa®  fiuare&cence  technique 
By  E.P.Muntz,  1968. 

Hypersonic  boundary  layers  and  Cow  fields 
Specialists’  Meeting,  London,  May  1968. 

Supplement  to  the  above. 


Transonic  aerodynamics 

Specialists’  Meeting,  Fails,  September  1968. 

Supplement  to  the  above. 


Technical  Evaluation  Report  on  AGARD  Specialists’  Meeting  on  Transonic  aerodynamics 
By  D.Kiichemann,  April  1969  . 


AGARDograph  134 

AGARBograph  135 

AGARDograph  137 
(in  two  parts) 

Conference 
Proceedings  42 

Conference 
Proceedings  48 

1970 

Report  575 
Advisory  Report  22 

Advisory  Report  24 

Advisory  Report  30 

AGARDograph  138 
AGARDograph  14 4 
AGARDograph  145 
AGARDograph  146 
AGARDograph  147 

Conference 
s'roeeedings  60 

Conference 
Proceedings  62 

Conference 
Proceedings  65 

Conference 
Proceedings  7 1 


B-3 


A  portfolio  of  stability  characteristics  of  incompressible  boundary  layers 
By  H.J.Obremski,  M.V.Morkovin  and  M.Landahl,  1969. 

Fluidic  controls  systems  for  aerospace  propulsion 
Edited  by  R.J.Reilly,  September  1969. 

Tables  of  in  viscid  supersonic  flow  about  circular  cosies  at  iriddeiic^  y  -  1.4 
By  D.J.  Jones,  November  1969. 

Aircraft  engine  noise  and  sonic  boom 

Joint  Meeting  of  the  Fluid  Dynamics  and  Propulsion  and  Energetics  Panels,  neld  in 
Saint-Louis,  France,  May  1969. 

The  aerodynamics  of  atmospheric  shear  flew 
Specialists’  Meeting,  Munich,  September  1969. 


feet  cases  for  numerical  methods  in  transonic  flows 
By  S  .Clock,  1970. 

Aircraft  wigbre  noise  and  sonic  boom* 

By  W.R.Sears.  (Technical  Evaluation  Report  on  AGARD  FDP  and  PEP  Joint  Meeting  on 
“Aircraft  engine  noise  and  sonic  boom’*.)  January  1970. 

The  aerodynamics  of  atmospheric  shear  flows 

By  J.E.Cennak  and  B.W.Marschner,  May  1970.  (Technical  Evaluation  Repost  on  AGARD 
Specialists’  Meeting  on  “The  aerodynamics  of  atmospheric  shear  flows”.) 

Blood  circulation  and  respiratory  flow 

By  J.F.Gross  and  X.Geisten,  December  1970.  (Technical  Evaluation  Report  on  AGARD 
Specialists’  Meeting  on  the  above  subject.) 

Ballistic  range  technology 
By  T.N.Canning,  November  1970. 

Engineering  analysis  of  non-Newtonian  fluids 
By  D.C.Bogue  and  J.L. White,  July  1970. 

Wind  tessl  pressure  snessuseraent  techniques 

by  D.S.Bynum,  R.L. Ledford  and  W.E.Smotherman,  Dcccjab-'v  1970- 

Tfee  numerical  solution  of  partial  differential  equations  governing  convection 
By  H.Lomax,  P.Kutler  and  F.B. Fuller,  November  1 970. 

Mon-reacting  chemically  rsseting  viscous  Sows  over  a  hyperboloid  at  hypersonic 
condition 

Bditen  by  C.H.lewis.  (M.Van  Dyke,  J.C.Adsms,  F.G.Blottner,  A.M.O.Smith,  R.T. Davis 
and  G.L.Keitncr  were  contributors.)  November  1970. 

Numerical  tnef&ods  for  viscous  flows 

By  R.C.Locfc,  November  1970.  (Abstracts  of  papers  presented  at  a  Seminar  held  by  the 
FDP  of  AGARD  at  the  NPL,  Tsddiiigton,  UK,  18—2  J  September  1967.) 


PiieMmhssry  tteslga  sagecte  ©f  KSURasy  aJjcssft 

March  1 970,  AGARD  Right  Mechanics  Panel  Meeting  held  in  The  Hague,  The  Netherlands, 
September  1969. 

Raid  dynamics  of  blood  dreilation  and  respiratory  flow 
Specialists’  Meeting,  Naples,  May  1970. 

Asrodynassic  interference 

Specialists’  Meeting,  Silver  Springs,  Maryland,  USA..  Septeiaoer  1970. 


*  Sc*  sko  Advisory  R.epcTt  26  bv  J.QJPoweis  sad  MJPt?*.’  o,  June  1970.  &K26  her  fts  same  tide  as  AR22  but  w&s  produced  by  the 
Propukkiii  and  Energetics  Fatih  of  AGARD  sad  deals  primarily  wHh  ea$»s  mine. 


B4 


1971 

Report  588 
Advisory  Report  34 

Advisory  Report  35 

Advisory  Report  36 

Advisory  Report  37 

AGARDograph  137 
(third  volume) 

AGARDogreph  i48 

Conference 
Proceedings  83 

Conference 
Proceedings  91 

1972 

Report  598 

Report  603 

AGARDojjjaph  1 56 

AGARDograph  161 

AGARDograph  IM 

AGARDograpU  164 

Conference 
Proceedings  93 

Conference 
Proceedings  102 

Advisory  Report  46 

Advisory  Report  49 


Aerodynamic  testing  at  high  Reynolds  numbers  and  tranessaJc  speeds 
By  D.Ktlchemann,  1971 

Aerodynamic  interference 

By  DJ.Peake,  May  1971.  (Technical  Evaluation  Report  of  the  Specialists’  Meeting  on 
“Aerodynamic  interference",  Septembor  1 970.) 

Report  of  the  high  Reynolds  number  wind  tunnel  study  group  of  the  Fluid  Dynamics 

Parrel 

April  1971- 

Report  of  the  AGARD  Ad  Hoc  Committee  on  Engine-airplane  interference  and  wail 

corrections  in  transonic  wind  tunnel  tests 

Edited  by  A.Ferri,  F.Jaars.-ria  and  R.Monti,  August  1971. 

Facilities  and  techniques  for  aerodynamic  testing  at  transonic  speeds  and  high  Reynolds 
number 

By  R.C-Psnkhurst,  October  1971.  (Technical  Evaluation  Report  on  Specialists’  Meeting 
heid  in  Gottingen*  Germany,  April  197S.  . 


Tables  of  invisdd  supersonic  Sow  eluant  droller  coses  at  inddeace ,  y  -  1.4 
Part  III,  by  DJ  Jones,  December  1971. 

Heat  transfer  in  rocket  engines 

By  H-Zieblasd  and  R.C Parkinson,  September  1971. 

FsdSittes  and  techniques  for  aerodynamic  testing  at  transonic  speeds  and  high  Reynolds 
number 

August  1971.  Specialists’  Meeting  held  in  Gbttingsn,  Germany,  April  1971. 

Inlets  and  norztss  for  aerospace  engines 

December  1971.  '  Meeting  hold  in  Sandefjord,  Korw&y  September  1971. 


Experiments  m.  SJsmsgemenf  of  tetetencc 

By  R.!.Lqehrke  and  N.M.Nagib,  September  1972. 

Aerodynamic  test  shnalaaaa:  Imt  the  past  and  future  prospects 
Ed.  3  .Lukasiewicz,  December  1972. 

tee  fesvtedd  transonic  sirioM  theory 
By  H.Yoshihara.  February  1972. 

Ablation 

By  H.Homcz,  5C.M.Kratsch  and  J.£,Rogan,  March  1972. 

Saaersonie  Rectors 

Ed.  JLLGinoux,  November  1972. 

Boumkry  layer  ef&cto  in  tuiboeustMisig 
Ed.  TSurufae,  December  1972. 

Ta»'bafent  slrsar  flows 

January  1972.  Specialists’  testing  held  in  London,  England,  September  1971. 


Fluid  dynamics  skeraft  steRhtg 

November  1972,  Specialists’  Msating  hehf  si  Lisbon,  Portugal,  April  1972. 

Tsrfsulsfii  sites?  flows 

By  R.Mtohsl,  July  1972  (Tecfeakat  Evaluation  Report  of  the  S^osMiata*  Meeting  on 
‘Turbulent  Sheer  Fiovrs”,  September  197* , 

Fluid  dynamics  of  aircraft  &!a$%g 

By  R  C.Pankfewrst  tTechnicaS  Eveiisatiaa  Report  on  Fluid  Dynasties  teal  Specialist’s 
Meeting)  November  1972. 


Advisory  Report  50 

Advisory  Report  60 
Lecture  Series  LS42 

Lecture  Series  LS48 

Lecture  Series  LS49 

Lecture  Series  LS53 

Lecture  Series  LS57 

1973 

Report  600 
Report  601 
Report  602 
Advisory  Report  58 

Advisory  Report  6i 

AGARDcfraph  i6S 

AGARDograph  l(>9 

AGARBcgraph  17? 

AGARDograph  172 

AGARDoffapfe  173 

AGARDogrsph  S74 

Conference 
Proceediup  1H 

Conference 
Proceeding?.  124 

Lecture  Series  LS56 


^  B-5 

Energetics  for  aircraft  auxiliary  power  systems  1 

By  R.H.Johnson,  C.E.Oberly  and  R.E.Quigley,  Jr  (Technical  Evaluation  Report  on  39th  I 

Propulsion  and  Energetics  Panel  Meeting),  November  1972.  | 

The  need  for  large  wind  tunnels  in  Europe 

Report  of  the  Large  Wind  Tunnels  Working  Group,  December  1 972. 

I 

Aerodynamic  problems  of  hypersonic  vehicles.  (Two  volumes)  1 

Ed.  R.C.Pankhuret,  July  1972.  j 

Numerical  methods  in  fluid  dynamics  j 

Ed.  J.J.Smolderen,  May  1972.  j 

Laser  technolr  -y  in  aerodynamic  measurements  ; 

Ed.  R.CJankhurst,  March  1972.  j 

< 

I 

Airframe/engine  integration  I 

May  1972.  j 

j 

Heat  exchangers 

Ed.  J.J.Ginoux,  January  1972.  i 


Problems  of  wind  tunnel  design  and  testing 
December  1973. 

Problems  in  wind  tunnel  testing  techniques 

April  1973. 

Fluid  raotte  problems  in  wind  tunnel  design 
April  1973. 

Technical  Evaluation  Report  on  die  Fluid  Dynamics  Panel  Specialists  Meeting  on 

Aerodynamic  Drag 

By  SJf.1  Sutler,  September  1973. 

Technical  Evaluation  Report  on  tb®  Fluid  Dynamics  Panel  Specialists  Meeting  on 
Aerodynamics  of  Rotary  Wing* 

By  N.D.ilatn,  March  1973. 

fesl-trsssfec  megsursinents  te  short-duration  hypersonic  facilities 
By  ILL. Schultz  end  T.VJonss,  February  1973. 

Effects  of  streamline  curvature  on  turbulent  flow 
By  f.Sradshaw.  Edited  by  A.D. Young,  August  1973. 

Magnus  tfeeracfesteties  of  arbitrary  rotating  bodies 
Sy  LA  Jacabson.  Edited  by  P.F.Yaggy,  November  1973. 

Bynsmle  gfesR 

iy  P.Crimi.  Edited  by  P.F.Yaggy,,  November  1973. 

Aorodyaasais  feslgirfesssce  induced  by  reaction  controls 
By  F.W'Spgkl,  L.A.Cassel  and  R.E.Wilson  (Editor),  November  1973. 

Difitaj  iechsdrjtsss  ia  turbulence  reseed) 

By  C.H.G-bsoc  Edited  by  P. A.  Libby,  December  1973. 

Aorc-^yaastks  of  rotary  wings 

Fe&iusry  1973,  Specialists’  Meeting  held  in  Marseilles,  France,  September  1972. 

AwodyBs&*k;  Dreg 
October  1973. 

Aircraft  oerfaratance  -  hedictioo  naethodr  and  aptMatfan 
Ed.  J.Willfeflii,  March  1973. 
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